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Abstract 
 
As the world population has surged and industrialization has increased, energy consumption has 
increased day by day, and recently more than a million terajoules of energy have been consumed 
per day. Demand for renewable and clean energy devices such as solar cells, fuel cells, wind power 
generators and geothermal generators is increasing as interest in environmental issues accompanied 
by increased energy demand increases. This change in demand for energy has resulted in a flow of 
energy sources from existing fossil fuels to clean, sustainable energy sources, especially hydrogen. 
The hydrogen is the most diverse, clean, efficient fuel and the most abundant element in space, so 
we focused on the next generation of energy carriers.  
The hydrogen energy system is constructed and circulated by three parts of energy conversion, 
storage and reuse. All of devices in hydrogen energy system are based on the electrochemical 
reactions related to oxygen, hydrogen and water, i.e. oxygen reduction reaction (ORR), oxygen 
evolution reaction (OER), hydrogen oxidation reaction (HOR), and water splitting reaction. Thus, 
they have a common problem of slow reaction rate for electrochemical reactions, and the use and 
development of effective catalysts is mandatory. In these regards, I focused on the nanostructured 
catalyst having unique mechanical, electrical and optical properties imparted by confining the 
dimensions. The nanocatalysts is advantageous to achieving excellent electrochemical 
performances since they have high surface area ─related to reactive site─ to volume.  
This paper focuses on the understanding and development of energy conversion devices, energy 
storage devices, and even energy reuse devices, providing comprehensive insight into the overall 
hydrogen energy system. To realize the high efficiency and overcome the bottlenecks, the 
nanomaterials were applied and developed with the strategies for each device. I started the basic 
knowledge including operating principle and theoretical backgrounds for the hydrogen energy 
systems, nanocatalysts, and materials, as presented as follows. 
1. Energy Conversion: Scale-down and Sr-doping effects on La4Ni3O10-δ-YSZ nanocomposite 
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Chapter 1.  Introduction 
 
1.1.  Motivation and Research objective 
1.1.1.  Global Energy Issue 
With the swelling of the world’s population and industrialization have increased, the energy 
consumption has increased day by day, and recently it is consuming more than a million terajoules 
of energy per day. Over the past century, more than half of the energy has been supplied by fossil 
fuel combustion, along with toxic emissions (i.e. CO2, CO, NOx, SO2, CxHy, etc.) which potentially 
devasts toll on the planet. As an indicator of this phenomenon, "carbon footprint" refers to the 
amount of total greenhouse gas ─mainly carbon dioxide (CO2)─ that directly and indirectly 
supports human activity. Figure 1-1 shows the increase in atmospheric CO2 contents over the past 
years, reported by the National Oceanic and Atmospheric Administration (NOAA), the U.S. 
government’s climate agency. This year, 2018, the atmosphere contains on average over 408 ppm 




Figure 1-1  Recent monthly mean carbon dioxide (CO2) concentration globally averaged. 
(Source: National Oceanic and Atmospheric Administration, NOAA) 
 
To suppress the increase of CO2 emission, tremendous efforts are being made from the individual 
level to the governments level. A representative effort at the government level is the Paris Climate 
Accord, which promises to phase out fossil fuels by 2050. The strategy of the Paris Climate Accord 
to realize zero carbon footprint is presented in Figure 1-2. CO2 emission is mandatory to support 
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human’s activity, thus, the main solution to compensate the CO2 emission is the development of 
clean and renewable energy system. This aligns with the UN Sustainable Development Goal 7 
Affordable and Clean Energy, which calls for substantially increasing the share of renewable 




Figure 1-2  The strategy of the Paris Climate Accord to realize zero carbon footprint 
 
1.1.2.  Change of Energy Resources 
Among the various clean and renewable energy systems, recently, the hydrogen energy system has 
been emerged because it is the most abundant element in the universe (75 % of the universe) and 
efficient resources with highest energy density (32 kWh kg-1). The hydrogen energy system is 
operated by using the electrochemical reactions between hydrogen, oxygen, and water. [1–4] 
 
 
Figure 1-3  The main elements supports the hydrogen energy system 
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Hydrogen fuel is used through combustion like a fossil fuel, but unlike fossil fuels, it produces only 
water without any other emissions. Unfortunately, most hydrogen is obtained from hydrocarbons 
through the heat supply – a process known as reforming –, because current energy system is based 
on the hydrocarbon fuel, such as gasoline, natural gas, methanol, and propane. To overcome these 
drawbacks, the electrolysis method has been developed by supplying an electrical current to 
separate water into its components of oxygen and hydrogen. Moreover, the direct utilization of 
hydrocarbons without any external reforming have been considered due to its advantages of cost, 
simplicity, and energy saving. Specially, considering the change flow of energy resources from 
fossil fuel to hydrogen through hydrocarbon, many researchers have developed the materials for 
both hydrocarbon and hydrogen fuels. In particular, considering the changing flow of energy 
resources from fossil fuels to hydrogen through hydrocarbon (Figure 1-4), many researchers have 




Figure 1-4  The change of energy resources to hydrogen energy 
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1.2.  Energy Circulation 
 
 
Figure 1-5  Energy circulation of Hydrogen energy system; energy conversion, storage, and 
reuse 
 
The energy system is circulated and maintained based on three parts: energy conversion, storage 
and reuse. As the representatives, the hydrogen energy system ─the ultimate goal of the renewable 
system─ is illustrated in Figure 1-5 with the devices discussed in the next chapters. In the part of 
energy conversion, the chemical energy of hydrogen is converted to electricity by the energy 
conversion devices such as solid oxide fuel cell. And then the generated electricity is stored and 
used as needed with the energy storage devices. The remaining electricity is used to produce 
hydrogen in the energy reuse part with the device like solid oxide electrolysis cells. The produced 
hydrogen is used again in the energy conversion devices, completing the energy circulation.  
My research focuses on the understanding and development of energy conversion devices, energy 
storage devices, and even energy reuse devices, providing comprehensive insight into the overall 
hydrogen energy system. To realize the high efficiency and overcome the bottlenecks, the 
nanomaterials were applied and developed with the strategies for each device.  
Chapter 1 provides the basic knowledge including operating principle and theoretical backgrounds 
for the hydrogen energy systems, nanocatalysts, and materials.   
In chapter 2, Sr-doping effects on the La4Ni3O10- was investigated as a strategy to realize high-
efficiency SOFC cathode. 
In chapter 3, nano-sized GdBa0.5Sr0.5Co1.5Fe0.5O5+ cathode reported the remarkable enhancement 
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of electrochemical performances by a strategic approach for solid oxide fuel cells. 
In chapter 4, Ni-based alloys was studied as anode catalyst for direct hydrocarbon utilized solid 
oxide fuel cells. 
In chapter 5, the hybrid catalyst was synthesized by the novel infiltration and was investigated by 
strategic approach for hybrid Li-air battery. 
In chapter 6, the infiltration was conducted on the carbon felt to fabricate binder-free electrode for 
seawater battery.  
In chapter 7, the self-transforming cell was designed and fabricated with the atmospheric-adapted 
materials for energy reuse.  
 
1.2.1.  Energy conversion: Solid oxide fuel cells (SOFCs) 
 Overview 
Solid oxide fuel cells (SOFCs) are one of energy conversion devices that convert the chemical 
energy of fuels directly into the electrical energy.[8–13] SOFC has the simplest mechanism (fuel → 
electrical energy) that provides more than 50% high efficiency compared to conventional 
combustion engines that require four mechanisms (fuel → heat → mechanical energy → electrical 
energy). In addition, due to its high operating temperature (> 500 oC), SOFCs can be used directly 
on a variety of fuels, including hydrocarbons, without additional reforming equipment. Fuel cells 
are also ideal mechanically because all components are solid and operate stationary without motion. 
These characteristics make SOFCs a very efficient and long-lasting system potential. In addition, 
there is little noise during operation and little emissions of pollutants such as NOx, SOx and 
particulate emissions. Solid oxide fuel cells (SOFCs) are well suited for on-site thermal 
cogeneration of heat and power due to their unique operating and performance characteristics. 
 
 Operating principle of SOFCs 
 
Figure 1-6  Operation principle of solid oxide fuel cells 
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The SOFC consists of three main components: an electrolyte and two electrodes exposed to fuel 
and air. Figure 1-7 illustrated the schematic drawings for operating principle of SOFCs. During 
operation, the electrode exposed to fuel (fuel electrode, anode) undergoes the highly reducing 
atmosphere, whereas the electrode exposed to air (air electrode, cathode) endure the highly 
oxidizing condition. This atmospheric condition is an important factor closely related to the 
structural stability in the design of electrodes and catalytic materials. 
In detail, oxygen reduction reaction (ORR) occurs on the cathode to produce oxygen ions as 
depicted in Equation 1-1.  
 
𝑂2 + 4𝑒
− → 2𝑂2−                  Equation 1-1 
 
The generated oxygen ions are then transported to the anode through the oxygen-ion-conducting 
electrolyte. The oxygen ions reaching the anode participate in the hydrogen oxidation reaction 
(HOR) according to Equation 1-2 to generate water and electrons.   
 
𝐻2 + 𝑂
2− → 𝐻2𝑂 + 2𝑒
−              Equation 1-2 
 
As shown in the equations, both ORR and HOR are valid when electronic phase (e-), ionic 
phase(O2-), and gas phase (H2/O2) co-exist. The reaction sites satisfying this condition are called 




Figure 1-7  Schematics of the oxygen reduction reaction 
 
 
PAGE 23 / 130 
 Challenges of SOFCs 
SOFCs is composed of ceramic and metal materials as electrode and electrolyte and operated at 
high temperatures over 500 oC. As mentioned in section 1.2.1.1, these characteristics provide 
benefits in terms of efficiency, stability, and diverse fuel usability. Nevertheless, the higher 
operating temperature of 800-1000 oC ─the general operating temperature of SOFCs─ causes to 
critical drawbacks such as corrosion, chemical interdiffusion, reactions between components, and 
high thermal stress. This, in turns, contributes significantly to efficiency loss and performance 
degradation. These problems extend not only to the cells themselves, but also to the stack 
interconnection, seals, and balance of plant. Therefore, the lowering operating temperature is an 
effective way to advance the commercialization of SOFCs. In this regard, the polarization 
resistance (Rp) for the cathode has been emerged challenges for high electrochemical performance 
to conduct the SOFCs at the operating temperature below 800 oC. [17–24] 
For the anode materials, the main challenge is the structural stability under highly reducing 
condition as well as excellent catalytic activities for HOR. For the direct utilization of hydrocarbon, 
the anode materials should possess the tolerance against the carbon deposition. The anode materials 
undergo the fatal catalytic deactivation due to carbon deposition blocking the entire surface and the 
cell fracture due to critical volume changes during the re-oxidation process.  
 
 Theoretical Background 
1.2.1.4.1.   Thermodynamics  
For the SOFC overall reaction, Equation 1-3 and Equation 1-4 were given by the 1st and the 2nd 
laws of thermodynamics, respectively, since the SOFCs convert the Gibbs free enthalpy of the 
electrochemical reactions directly into electricity.[25] The equations assumed the 2nd law governs 
the reversibility of the transport process.  
 
q + w → ∆H                         Equation 1-3 
 
The molar reaction enthalpy (∆H) of the oxidation is composed of work and heat energy.  
 
∮ ∆S = 0 → q = 𝑞𝑟𝑒𝑣 = 𝑇∆𝑆                Equation 1-4 
 
The Equation 1-5 can be described 
 
𝑞𝑟𝑒𝑣 + 𝑤𝑟𝑒𝑣 = ∆𝐻                     Equation 1-5 
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, where the reversible heat exchange with the environment equalizes the created reaction entropy. 
The reaction entropy is a result of the different opportunities of the species to save thermal energy 
between the absolute zero level of temperature and temperature level of the reactor.  
Considering the Equation 1-3 and Equation 1-4, we get molar reversible work (𝑤𝑟𝑒𝑣)  
 
𝑤𝑟𝑒𝑣 = ∆𝐻 − T∆S                     Equation 1-6 
 
With the ambient temperature as a reference for the calculation of the Gibbs free enthalpy (∆G), 
the reversible work of the reaction is equal to the Gibbs free enthalpy of the reaction.  
 
𝑤𝑟𝑒𝑣 = ∆𝐺 = ∆𝐻 − T∆S                  Equation 1-7 
 
Based on the first and second laws of thermodynamics, the energy transfer from one form to another 
can be identified using thermodynamic potentials. From the first and the second laws of 
thermodynamics, an equation for internal energy (𝑈) that is based on the variation of two 
independent variables of entropy S and volume V is derived where p is the pressure and T is 
temperature:[26] 
 
𝑑𝑈 = 𝑇 𝑑𝑆 − 𝑝 𝑑𝑉                    Equation 1-8 
 
Note that 𝑇 𝑑𝑆 represents the reversible heat transfer and 𝑝 𝑑𝑉 is the mechanical work. The 
following equations show how the dependent variables (𝑇 and 𝑝) are related to variations in the 










)𝑆 = −𝑝                      Equation 1-10 
 
A conversion of 𝑈 using a Legendre transform begins with defining the new thermodynamic 
potential 𝐺 (𝑇, 𝑝) as follows: 
 










𝑉              Equation 1-11 
 
From Equation 1-9 and Equation 1-10, we rewrite 
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𝐺 = 𝑈 − 𝑇𝑆 − 𝑝𝑉                   Equation 1-12 
 
The variation of 𝐺 results in 
 
𝑑𝐺 = 𝑑𝑈 − 𝑇 𝑑𝑆 − 𝑆 𝑑𝑇 + 𝑝 𝑑𝑉 − 𝑉 𝑑𝑝       Equation 1-13 
 
With the Equation 1-8, 
 
𝑑𝐺 = −𝑆 𝑑𝑇 + 𝑉 𝑑𝑝                 Equation 1-14 
 
The new thermodynamic potential (𝐻) can be defined as 
 
𝐻 = −𝑈 − (
𝑑𝑈
𝑑𝑆
)𝑣                   Equation 1-15 
 
Since Equation 1-4, 
 
𝐻 = 𝑈 + 𝑝𝑉                       Equation 1-16 
 
,whereas H stands for enthalpy.  
Through differentiation, H is written as a function of S and p: 
 
d𝐻 = 𝑑𝑈 + 𝑝 𝑑𝑉 + 𝑉 𝑑𝑝                 Equation 1-17 
 
𝑑𝐻 = 𝑇 𝑑𝑆 + 𝑉 𝑑𝑝                    Equation 1-18 
 





𝑂2 → 𝐻2𝑂                     Equation 1-19 
 
the difference of Gibbs free energy (∆G) can be written as  
 
∆𝐺 = ∆𝐺𝐻2𝑂 − ∆𝐺𝐻2 −
1
2
∆𝐺𝑂2              Equation 1-20 
 
Assume that all the Gibbs free energy is consumed to electrical work, 
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∆𝐺 = −𝑛𝐹𝐸                       Equation 1-21 
 
Where n and F indicates the number of electrons participated in the chemical reaction and the 
Faraday constant, respectively. 
 
Assume that the reactant and products are all in the standard conditions, the reversible standard 





                      Equation 1-22 
 
The Gibbs free energy is dependent on the temperature by the relation 
 
∆𝐺 = ∆𝐻 − 𝑇 ∆𝑆                   Equation 1-23 
 





= 1.23 𝑉             Equation 1-24 
 










1 2⁄ )              Equation 1-25 
 
R is the ideal gas constant, T is the absolute temperature, p is the partial pressure of each gas. 
 
1.2.1.4.2.   Electrochemistry 
The current-voltage (i-V) characteristic graph can summarize the performance of SOFCs. The 
current-voltage curves exhibit the output voltage at a given current density. An ideal SOFCs would 
supply any amount of current (as long as it is supplied with sufficient fuel), while maintaining a 
constant voltage determined by thermodynamics. However, the actual voltage output of a fuel cell 
under real system is less than the ideal thermodynamically expected voltage.[28] 
Figure 1-8 presents the typical current-voltage curves of SOFCs with the important factors; (1) the 
lower open circuit voltage compared to the theoretical value, (2) the rapid initial drop in voltage, 
(3) the slow, linear voltage drop in the intermediate current region, and (4) the fast voltage drops 
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at higher current density. These factors are comprised of three contributions There are several types 
of polarization losses in fuel cell systems and are composed of three contributions of activation, 




Figure 1-8  Ideal and actual performance of a fuel cell [32] 
 
In this regard, the total polarization in the fuel cell is expressed as, 
 
𝜂𝑡𝑜𝑡𝑎𝑙 = 𝜂𝑎𝑐𝑡 + 𝜂𝑜ℎ𝑚𝑖𝑐 + 𝜂𝑐𝑜𝑛𝑐               Equation 1-26 
 
◼ Kinetics of the electrochemical reaction (activation polarization, 𝜂𝑎𝑐𝑡) 
Activation polarization is directly associated with the rate determining step, charge transfer or the 
surface exchange reactions at the electrode. For the electrode reaction, the activation polarization 
can be understood as the over-potential consumed to activation energy for the reactions in the 
electrode. The correlation between current density and activation polarization can be expressed by 
the Butler-Volmer equation as 
 
𝑖 = 𝑖0 [𝑒𝑥𝑝 (
(1−𝛼)𝑛𝐹𝜂𝑎𝑐𝑡
𝑅𝑇
) − 𝑒𝑥𝑝 (
−𝛼𝑛𝐹𝜂𝑎𝑐𝑡
𝑅𝑇
)]         Equation 1-27 
 
For large values of 𝜼, one of the bracketed terms in Equation 1-27 can negligible and the equation 
can be written as the Tafel equation (Equation 1-28). 
  
𝜂𝑎𝑐𝑡 = 𝑎 ± 𝑏 𝑙𝑜𝑔𝑖 = (𝑎𝐴 + 𝑏𝐴 𝑙𝑛𝑗) + (𝑎𝐶 + 𝑏𝐶  𝑙𝑛𝑗)     Equation 1-28 
 
Parameters a and b are constants related to the applied electrode material, type of electrode reaction, 
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and temperature. 
 
◼ Internal electrical and ionic resistances (ohmic polarization, 𝜂𝑜ℎ𝑚𝑖𝑐) 
Ohmic losses are caused by resistance to the flow of ions in the electrolyte and the flow of electrons 
through the electrodes. The dominant ohmic losses through the electrolyte can be reduced by 
decreasing the electrode separation and increasing the ionic conductivity of the electrolyte. 
 
𝜂𝑜ℎ𝑚𝑖𝑐 = 𝑗 𝐴𝑆𝑅𝑜ℎ𝑚𝑖𝑐                 Equation 1-29 
 
◼ Limitations in mass transport (concentration polarization) 
As the reactants are consumed at the electrode by the electrochemical reaction, the potential is lost 
because the surrounding material cannot maintain the initial concentration of the bulk fluid. This 
is how density gradients are formed. Some processes may contribute 1) slow diffusion in the gas 
phase within the electrode pores, 2) dissolution / dissolution of reactants / products into and out of 
the electrolyte, or 3) diffusion of reactants and products into the electrochemical reaction through 
the electrolyte. At practical current densities, slow transport of reactants and products to and from 
electrochemical reaction sites is a major contributor to concentration polarization. 
 
𝜂𝑐𝑜𝑛𝑐 = 𝑐 𝑙𝑛
𝑗𝐿
𝑗𝐿−𝑗
                   Equation 1-30 
 
Therefore, the total polarization in the fuel cell is sum of these three polarizations as 
 
𝑉 = 𝐸𝑡ℎ − (𝑎𝐴 + 𝑏𝐴 𝑙𝑛𝑗) − (𝑎𝐶 + 𝑏𝐶  𝑙𝑛𝑗) − (𝑗 𝐴𝑆𝑅𝑜ℎ𝑚𝑖𝑐) − (𝑐 𝑙𝑛
𝑗𝐿
𝑗𝐿−𝑗
)  Equation 1-31 
 
1.2.2.  Energy Storage: Metal-air Batteries (MABs) 
 Overview 
Metal–air batteries (MABs) have received much attentions recently because they are extremely 
efficient, highly cost-effective, and environmentally friendly. Unlike conventional batteries, where 
reagents are contained within cells, metal-air batteries use oxygen (O2) in the atmosphere and can 
be understood as battery-fuel cell hybrids. The rechargeable metal-air batteries, called MABs, can 
play an increasingly important role in consumer electronics, electric vehicles, fixed storage and 
defense industries due to their high specific energy (energy per unit weight). For instance, the 
theoretical specific energies of aqueous or nonaqueous Li-air batteries are 3582 and 3505 Wh kg−1, 
respectively, ~ 9 times that of Li-ion batteries (387 Wh kg−1). [33–39] 
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 Operating principle of MABs 
1.2.2.2.1.   In alkaline media 
 
 
Figure 1-9  Schematic drawings of a hybrid Li-air battery (a) Perspective-view (b) Cross-view. 
Reprinted from Ref. [40] with permission of Wiley-VCH.  
 
Typically, metal-air batteries consist of a metal anode, an electrolyte, and an air cathode. Although 
metals such as Li, Na, Mg, Al, Ca, Fe and Zn are suitable candidates for use as cathode materials, 
Li (Li-air battery) and Zn (Zn-air battery) have received tremendous interest. The basic reactions 
of anode for these two metal-air batteries are, respectively,  
 
2 Li + 𝑂2 ↔ 𝐿𝑖2𝑂2                  Equation 1-32 
 
2 Zn + 𝑂2 ↔ 2 𝑍𝑛𝑂                 Equation 1-33 
 
Depending on the kinds of electrolytes, the configuration of each MABs varies. But there is one 
common issue for oxygen electrochemistry at the cathode such as oxygen reduction reaction (ORR) 
and oxygen evolution reaction (OER) in discharge and charge processes, respectively. 
 
In alkaline media, ORR occurs at the cathode during the discharge  
 
𝑂2  + 2𝐻2𝑂 + 4𝑒
− → 4𝑂𝐻−            Equation 1-34 
 
For the charge process, OER is considered 
 
4𝑂𝐻− → 𝑂2  + 2𝐻2𝑂 + 4𝑒
−           Equation 1-35 
 
The sluggish kinetics of these two reactions (ORR and OER) have a limited practical specific 
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energy of MABs. In order to accelerate the rate of the processes, it is necessary to introduce an 
electrode catalyst into the cathode. Noble metals-containing materials and their alloys, which are 
well known catalysts, have high catalytic performance, but they are difficult to use widely due to 
their rarity and high cost. Furthermore, considering both processes of discharge and charge, the 
bifunctional electrocatalyst was required to the electrode catalysts. 
 
1.2.2.2.2.   In seawater  
 
 
Figure 1-10  Schematic illustration of a seawater battery. Reprinted from Ref. [41] with 
permission of Wiley-VCH.  
 
Seawater accounts for 72% of the Earth’s crust, containing abundant sodium. Recently, a novel 
battery system using the seawater as the active material was introduced, so-called seawater 
battery.[42–45] The seawater battery is one of noteworthy developments considering the rising price 
of Li-containing raw materials and the increasing demands for energy storage system for renewable 
energy such as solar, wind, and tidal energy. Since the sodium-based raw material is abundant and 
cheap, the seawater battery easily accessible in large scale with good industrial applicability. Figure 
1-10 presents the schematic illustration of the basic structure and the components of the seawater 
battery system. During discharge, the seawater battery produces the water soluble NaOH at the 
cathode side, whereas the conventional Li-based systems produce the insoluble Na2CO3 
deteriorating cycling performances.[42,46,47] 
 
The basic reactions of anode  
 
𝑁𝑎 ↔ 𝑁𝑎+ + 𝑒−                  Equation 1-36 
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During discharging process 
 
2𝐻2𝑂 + 𝑂2 + 4𝑒
− → 4𝑂𝐻−            Equation 1-37 
 








𝑂2 → 𝑁𝑎𝑂𝐻            Equation 1-38 
 
During charging process 
 
2𝐶𝑙− → 𝐶𝑙2 + 2𝑒
−                  Equation 1-39 
 
Thus, the overall chemical reactions, 
 
2𝑁𝑎𝐶𝑙 → 2𝑁𝑎 + 𝐶𝑙2               Equation 1-40 
 
Since the pH and the coexisting ions of the active material is also a significant factor of the ORR 
and OER kinetics, the electrocatalysts can present the different catalytic behavior in seawater with 
that in conventional active materials. Therefore, the systematic investigation of electrocatalyst in 
seawater is demanded to develop the electrocatalyst for seawater battery. 
 
 Theoretical background 
1.2.2.3.1.   Cyclic voltammetry (CV) 
Cyclic voltammetry (CV) is a general technique for studying the properties of electrochemical 
systems, in which a periodic linear potential sweep is applied to the electrodes and the current 
output is recorded. By analyzing the CV profile, you can obtain information such as 1) the presence 
of intermediates in redox reactions, 2) electron transfer kinetics, and 3) the reversibility of a 
reaction.[48–51]  
For the reversible reaction (Equation 1-11) 
 
𝑂𝑥 + 𝑛𝑒− ↔ 𝑅𝑒𝑑               Equation 1-41 
 
, the diffusion equation can be solved under a linear voltage sweep condition to give a relationship 
between peak current (𝑖𝑝) and diffusion constant (D).  











2       Equation 1-42 
 
where 𝑖𝑝 is the peak current in amperes, F is the Faraday constant, 𝐶
∗ is the initial concentration 
in mol cm-3, 𝑣 is scan rate in V s-1, A is electrode area in cm2, and D is the diffusion constant in 
cm2 s-1. Since the concentration is proportional to the current in a reversible system, the 
concentration of the unknown solution can be determined by generating a calibration curve of 
current versus concentration. 
 
1.2.2.3.2.   Tafel slope 
To compare the electrocatalytic activity and reveal the reaction mechanism of the electrocatalyst, 
Tafel analysis is generally used. This method analyzes the sensitivity of the current response to the 
applied potential (Tafel slope) to provide information related to the rate-determination step. The 
experimentally obtained Tafel slope can be compared to the theoretically derived one assuming 
different rate-determining steps based on the microkinetic model. To simplify the derivation 
process, the surface coverage of the intermediate species is assumed as constant either θ ≈ 0 or θ ≈ 
1. [40,52–54] 
 
1.2.3.  Energy Reuse: Solid oxide electrolysis cell (SOECs) 
 Overview 
Pure hydrogen production is a challenge of upcoming hydrogen economy, because the conventional 
hydrogen production using a steam reforming process with fossil resources promotes fossil fuel 
depletion and CO2 emissions. In this regard, steam electrolysis (Equation 1-43) has tremendous 
attention due to the increased demand for H2 production technology with low environmental impact 
and high efficiency.[55–60] 
 
𝐻2𝑂 → 𝐻2 +
1
2
𝑂2               Equation 1-43 
 
Although proton-exchange membrane (PEM) electrolysis cells are already commercialized, the 
solid oxide electrolysis cell (SOECs) could be more thermodynamically favorable to steam 
electrolysis. 
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Figure 1-11  Schematic representation of the operational range of different water electrolysis 
technologies. Reprinted from Ref. [61][40] with permission of Springer.  
 




Figure 1-12 Schematic illustrations of solid oxide electrolysis cell operation. 
 
The operating principle of SOECs is completely reverse to that of SOFCs. As shown in the Figure 
1-12, the SOECs has equal configuration of the SOFCs with the three main components: an 
electrolyte and two electrodes exposed to fuel and air. Interestingly, the atmospheric condition of 
each electrode in SOECs is identical to that of SOFCs, thereby, SOECs can employ the same 
materials used in SOFCs.  
On the fuel electrode, steam is dissociated into hydrogen and oxygen ions with the supplied 
electricity. 
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𝐻2𝑂 + 2𝑒
− → 𝐻2 + 𝑂
2−                Equation 1-44 
 
The generated oxygen ions are then transported to the fuel side ─opposite to the case of SOFCs
─ through the oxygen-ion-conducting electrolyte. 
 
On the air electrode, the oxygen evolution reaction (OER) occurs as follows 
 
2𝑂2− → 𝑂2 + 4𝑒
−                 Equation 1-45 
 
 Advantages and Challenges 
1.2.3.3.1.   Thermodynamic advantage 
Compared to the proton-exchange membrane electrolysis cells (PEMECs) already commercialized, 
SOECs are thermodynamically advantageous due to its high operating temperature. Like with 
SOFCs, the operating temperature range of SOECs is over 500 oC. In this regard, the reactant H2O 
is used in steam form in SOECs and liquid form in PEMECs. The change of Electric, thermal and 
total energy demand for H2O electrolysis is presented in Figure 1-13 as a function of temperature. 
For the water splitting reaction (Equation 1-43), thermodynamic parameters can be defined as  
 
∆H = ∆G + T∆S                 Equation 1-46 
 
, where ∆H is total energy demand, ∆G is the electrical energy demand, and T∆S is the heat 
energy demand. 
At 100 oC, the temperature occurring water phase transition (liquid→gas), ∆H significantly drops 
off and remains nearly constant. With the increase of temperature, the T∆S is increased and thus 
∆G  decreased. These thermodynamic changes indicate the advantage of high operating 
temperature such as low cost and less electricity.[55]  
 
PAGE 35 / 130 
 
 
Figure 1-13 Electric, thermal and total energy demand for H2O electrolysis as a function of 
temperature, showing the electric energy demand decreasing considerably which is 
compensated by the thermal energy with increasing working temperatures. Reprinted from Ref. 
[55] with permission of Royal Society of Chemistry. 
 
1.2.3.3.2.   Reversible operation: reversible-solid oxide cells (R-SOCs) 
 
 
Figure 1-14  The reversible operation of solid oxide cell. (left) fuel cell mode, (right) electrolysis 
cell mode. 
 
Another advantage of SOECs is utilization as R-SOCs which can be conducted as both energy 
conversion devices and energy reuse devices. The schematic in Figure 1-14 demonstrates the 
concept of R-SOCs. As mentioned in section 1.2.3.2, the SOECs has identical configurations and 
reverse operations with SOFCs. R-SOCs have therefore been developed to secure high and stable 
performances in both SOFC and SOEC modes. 
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 Theoretical Background 
1.2.3.4.1.   Water vapor pressure 
 
 
Figure 1-15  The exchange of molecules at the interface between liquid water and water vapor. 
 
Some of the water molecules reach the liquid surface and overcome hydrogen bonding and escape 
to the atmosphere, which is called evaporation. The pressure exerted by the water vapor occupying 
the atmosphere occurs. As more water vapor enters the atmosphere, the water vapor pressure 
increases, according to the ideal gas law. 
 
PV = nRT                    Equation 1-47 
 
, where P is pressure, V is volume, n is the number of molecules, R is the ideal gas constant, and T 
is the absolute temperature. 
When the vapor occupied a certain maximum degree, some of vapor molecules will be forced to 
re-enter the liquid and condensation occurs. The point that the evaporation rate is equal to 
condensation rate is called equilibrium state and the partial pressure of vapor in atmosphere at that 
time is named the water vapor pressure.   
 
1.2.3.4.2.   Efficiency 
The overall efficiency (𝜀𝑜𝑣𝑒𝑟𝑎𝑙𝑙 ) is the product of the electrochemical efficiency (𝜀𝐸 ) and the 
heating efficiency (𝜀𝐻 ). The electrochemical efficiency can be derived by the product of the 
thermodynamic efficiency (𝜀𝑇), the voltage efficiency (𝜀𝑉), and the current efficiency (𝜀𝐽). 
 
𝜀𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝜀𝐸  𝜀𝐻 = 𝜀𝑇 𝜀𝑉  𝜀𝐽 𝜀𝐻           Equation 1-48 
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◼ Heating efficiency (𝜀𝐻) 
 
𝜀𝐻  should be considered in cases where the fuel contains inert gases, impurities, and other 





                   Equation 1-49 
 
, where ∆𝐻0 is the amount of enthalpy of fuel species available to generate electricity and ∆𝐻𝑐𝑜𝑚 
is the amount of enthalpy involved in all combustible species in the fuel. 
 
◼ Thermodynamic efficiency (𝜀𝑇) 
The change of free enthalpy (∆𝐺) of combustion reaction may be totally converted into electrical 








                   Equation 1-50 
 
◼ Voltage efficiency (𝜀𝑉) 
In an operating SOFC the cell voltage is always less than the reversible voltage. As the current is 
drawn from the fuel cell, the cell voltage is decreased due to various losses. The reduction in the 
cell voltage under current load relied on current density and several elements such as temperature, 
pressure, gas flow rate, gas combustion and cell material. The voltage efficiency (𝜀𝑉) is given as 






                        Equation 1-51 
 
◼ Current efficiency (𝜀𝐽) 
𝜀𝑉 drops off if all of the reactants are not changed to reaction products. For 100 % conversion of 










 is the molar flow rate of the fuel. For the amount of fuel actually consumed, the current 
density produced is given by 





)𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑               Equation 1-53 
 
The 𝜀𝐽  is the ratio of the actual current produced to the current available from complete 





                          Equation 1-54 
 
1.2.3.4.3.  Thermoneutral voltage (𝑽𝑻𝑵) 
Thermoneutral voltage (𝑉𝑇𝑁) refers to the voltage where cell power is equal to the heat generated 
by all internal chemical and electrochemical reactions. In other words, the voltage at which 
hydrogen and oxygen are produced with 100% thermal efficiency without heat waste. By the 





                       Equation 1-55 
 
, where ∆𝐻𝑓 is the total energy demand for the electrolysis reaction, n is the number of electrons 
participated in the reaction, and F is the Faraday constant. At the typical operating temperature of 
SOECs, 900 -950 oC, 𝑉𝑇𝑁 is ~1.29 V. 
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1.3.  Nanocatalyst 
1.3.1.  Catalyst 
Catalysts are substances that do not participate in the reaction but increase the rate of chemical 
reaction by reducing the activation energy. 
 
 
Figure 1-16  Schematics of energy paths for reaction with/without catalyst 
 
Activation energy (Ea) is a barrier to chemical reactions, and reactants with energy lower than Ea 
cannot pass through the transition state and cannot become a product. The catalyst may have other 
intermediates, such as bond relocation, which is needed to convert the reactants into product, to 
provide a new pathway with low activation energy. 
 
1.3.2.  Nanostructured materials 
Nanostructured materials have attracted a great deal of attention recently for electrochemical 
energy devices due to its unique mechanical, electrical and optical properties imparted by confining 
the dimensions. Nanoscience is a universally adopted strategy for material research because it 
understands the physical and chemical processes at the most fundamental level. Thus, many 
researchers have developed the synthesis and analyzed the properties in order to appreciate the pros 
and cons of the nanomaterials.[63–67] 
 
Pros: 
Nanoparticles less than 10 nm in diameter have high potential in areas such as sensors, 
nanoelectronics, catalysts and optics. The catalytic activity of nanoparticles is affected by their size. 
Thus, the relative proportions of surface atomic types change dramatically when the particle size 
varies. In many cases, the beneficial change in the electronic properties of the surface atoms that 
PAGE 40 / 130 
are predominantly located at the corners and corners of the small particles increases their activity 
as the particle size decreases. On the other hand, the reactivity and selectivity of metal nanocatalysts 
are highly dependent on the different crystallographic planes present on the nanoparticles and can 
be achieved by controlling the morphology of these nanoparticles. The size and surface of 
nanocatalysts play an important role because of their selectivity and responsiveness. In some cases, 
performance can also be improved through doping and surface chemical modification 
 
Cons: 
In principle, nanomaterials research should help to improve and optimize the system under 
investigation. But despite these fundamental advances, nanotechnology is facing two problems. 
First, the properties of a material change as it scales up as it is reduced to nanoscale. In particular, 
the level of control that can act at the nanoscale or single object level tends to be weaker on medium 
and macroscopic scale or when handling large numbers of objects. Second, the industry is reluctant 
to invest money in developing new large-scale processes for manufacturing nanomaterials unless 
it is guaranteed a profitable profit. 
 
1.3.3.  Infiltration 
 Overview 
Infiltration is a new strategy for possessing high performance, nanostructured perovskite-based 
electrodes typically used in solid oxide cells. As shown schematically in Figure 1-17, a common 
infiltration process comprises i) production of a porous electrode backbone, ii) penetration of an 
electroactive phase, and iii) individual nanoparticles or continuous and conformal thin film. 
 
Figure 1-17  Schematics of infiltration process 
 
A precursor solution containing a stoichiometric metal precursor mixed with a specific complexing 
agent and a surfactant can be manipulated to enable control over the morphology. Moreover, the 
loading amount can be controlled by repeating wetting-heat treatment process.  
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 Theoretical background 
1.3.3.2.1.  Principle 
Briefly, the principle of infiltration is the capillary phenomenon caused by the cohesion of the liquid 
and the adhesion between the tube and the liquid. According to the Jurin’s law, the height h of a 





                    Equation 1-56 
 
, where 𝛾 is the liquid-air surface tension, 𝜃 is the contact angle, 𝜌 is the density of liquid, 𝑔 
is gravity acceleration, and r is the radius of tube. 
For the infiltration, the dry pore of scaffold acts like the tube, and thereby, the capillary 
phenomenon occurs with the cohesion of the precursor solution and the adhesion between the wall 
of scaffold and the precursor solution.[40,68,69]   
Assume that the porous scaffold shaped as hexahedron (like box), the cumulative volume (V) is 
derived as  
 
𝑉 = 𝐴 𝑆 √𝑡                     Equation 1-57 
 
, where S is the sorptivity of the precursor solution, A is the cross-sectional area of scaffold, and t 
is the time, respectively. Following the Washburn’s equation for the wicking, the cumulative liquid 





= 𝑆 √𝑡                    Equation 1-58 
 
Since the wetted length (x) is dependent on the porosity (f) ─the fraction of the volume occupied 
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1.3.3.2.2.   Advantages and Challenges  
 
 
Figure 1-18  Sintering temperature dilemma in nanomaterial synthesis. 
 
Infiltration is well-known method to fabricate composite cathode as break-through method for 
sintering temperature dilemma. In general, for the fabrication of composite materials, there is 
always sintering temperature dilemma because it uses more than 2 materials and they needs 
different temperatures to maximize their properties. Also, in case of composite catalyst, there is a 
trade-off between conductivity and surface area. Since the infiltration enables the separated 
sintering process of precursors from that of scaffold, it facilitates the adaption of proper sintering 
temperature for each material, resulting in nanomaterial synthesis with the surface control. As 
mentioned in section 1.3.2, the nanomaterials provide the high electrochemical performance along 
with the extended surface area. Furthermore, the infiltration technique has a great advantage in 
terms of its simplicity compared to other techniques.[9,70–72]  
 
 Factors of infiltration to control the morphology of nanomaterials  
1.3.3.3.1.   Wettability 
For the infiltration, wettability of precursor solution is a factors which can be easily modified.[73] It 
is closely related to the contact angle based on the capillary phenomenon mentioned in section 
1.3.3.2.1. Based on the knowledge, many researchers have researched on the wettability effect.[40,72–
74] X. Lou et al. [73] reported the effect of wetting contact angle on the morphology and the 
performance with different water-to-ethanol volume ratios in the precursor solution. They 
concluded that ethanol provides uniform and continuous morphology due to its low surface tension 
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and corresponding high wettability. To control the wettability, there are some factors as follows 
 
◼ Concentration of solution 
◼ A kind of solvent  
◼ A kind of solute 
◼ Atmospheric condition  
◼ Processing temperature 
 
1.3.3.3.2.   Pore structure of Backbone 
Another significant factor to control morphology in the infiltration is the pore-morphology of 
scaffold. Küngas et al. [75] and Sarikaya et al. [76,77] studied the morphological effect of scaffold on 
the microstructure of electrode and the performances by using HF treatments and various pore 
former, respectively. As a result, for the HF treatment, they found significant increases in the 
surface areas, even after calcination of the treated scaffold. For the pore former effect, the uniformly 
distributed pores and percolation of the constituent phases minimize the slow anode activation 
process by using activated reactive sites, while large pores provide a major pathway for gas 
transport. 
 
1.3.4.  Materials 
 Simple Perovskite (ABO3) 
Most ABO3-type simple perovskite oxides form a relatively simple or closely related structure of 
perovskite CaTiO3. These oxides are known to exist in a wide range of A and B ions of different 
sizes. The unit cell of the ABO3 perovskite structure is shown in Figure 1-19. The ideal perovskite 
structure, such as LnCoO3, can be described as the cubic stacking (ABC) sequence, with all BO6 
octahedra sharing corners within the ccc (=3C) framework, where c refers to the cubic layer. [78–83] 
The perovskite structure, where A is the larger cation with 12-fold oxygen coordination and B is 
the smaller cation with 6-fold oxygen coordination, the oxygen ions are linked to six cations (4A + 
2B). 
It is well known that the ionic radii of the component ions play important factors in determining  
the crystal structure, which called “tolerance factor t”. It can be used as a measure of the deviation 
of the ABO3 perovskite structure from the ideal cubic symmetry. The Goldschmidt tolerance factor 





                        Equation 1-60 
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, where 𝑟𝐴, 𝑟𝐵 and 𝑟𝑂 are the ionic radius of A, B, and O ions, respectively. 
 
Another perovskite derived by intensive distortion has close-packing type of AO3 layers with the 
B cations in octahedral holes: the hexagonal (AB) sequence with octahedral B cations sharing faces 
into infinite one-dimensional chains within the hh (=2H) hexagonal polytype, e.g. BaCoO3. In 
particular, the alkali earth manganates, such as SrMnO3 and BaMnO3, has so-called hexagonal 
perovskite layer due to the high oxidation number of Mn.[78–83]  
Between these two extreme forms, the perovskite structure can possess mixed phases with various 





Figure 1-19  Crystal structure of simple perovskite (ABO3) 
 
 Layered Perovskite (AA’B2O5) 
The layered perovskite structure is named because the unit cell of is twice that of perovskite. It has 
the same architecture of 12 coordinate A sites and 6 coordinate B site, while two cations are ordered 
on the B site. This family of compounds can be theoretically described with a stacking sequence of 
BaO-CoO2-LnOx-CoO2 long the c-axis as shown in Figure 1-20. All mobile oxygen is located only 
the Ln-O plane, providing oxygen transport channel. 
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Figure 1-20  Crystal structure of a layered perovskite 
 
This layered structure reduces the oxygen bonding strength in the [AO] layer and provides a 
disorder-free channel for ion motion, which enhances oxygen diffusivity.[84] Layered perovskite 
oxides have received tremendous interest because of its high chemical diffusion and a high surface 
exchange coefficient.  
 
 Ruddlesden-popper (An+1BnO3n+1) 
This oxide has a K2NiF4-type structure formulated as A2BO4+, which can be described as ABO3 
perovskite and AO rock-salt layers arranged along the c-axis with the enough space in the AO layer. 
This structure allows for the accommodation of oxygen over stoichiometry as oxygen interstitial 
species with negative charge, which are balanced through the oxidation of the B-site cations.[85–89] 
These materials show good property in terms of electronic conductivity, oxygen ionic transport 
property, electrocatalysis for oxygen reduction reaction, and moderate thermal expansion.  
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Figure 1-21  Crystal structure of a Ruddlesden-Popper 
 




Figure 1-22  Crystal structure of a Spinel 
 
The spinel structure has the formula AB2O4. It is essentially cubic, and the O ion forms an fcc lattice. 
Cations (usually metals) occupy 1/8 of the tetrahedral position and 1/2 of the octahedral site, and 
there are 32 O-ions in the unit cell. The spinel structure is very flexible for the cations that can be 
incorporated and can mix A and B cations. Basically, the spinel structure is composed of divalent 
and trivalent cations, and the spinel structure of tetrahedral interstices and octahedral interstices, 
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Chapter 2.  Energy Conversion: Scale-down and Sr-doping 




This Chapter has been published. 
Reproduced with permission from S. Kim et al., Scale-down and Sr-doping effects on La4Ni3O10-
δ-YSZ nanocomposite cathodes for IT-SOFCs, Journal of the Electrochemical Society, 161, 14, 
F1468-F1473 (2014). Copyright 2014. Journal of the Electrochemical Society, Electrochemical 
Society. DOI: 10.1149/2.0791414jes 
 
 
2.1.  Introduction 
A fuel cell converts chemical energy to electrical energy by using hydrogen or hydrocarbon as fuel. 
Inter alia, a solid oxide fuel cell (SOFC ) is a promising power generation device with high 
efficiency, excellent performance, low emissions, and attractive fuel flexibility at high operating 
temperature. Nevertheless, high operating temperature gives rise to some drawbacks such as 
interface reactions between cell components, electrode phase transitions, restrictions on choice of 
materials, and so on. The key to solving those problems lies in developing intermediate-temperature 
SOFCs (IT-SOFCs) (500–700 oC).[1,2] However, the low operating temperature gives rise to poor 
activity for the oxygen reduction reaction (ORR) at the cathode. Accordingly, the development of 
cathode materials with high electro-catalytic activity and excellent durability is necessary for 
commercialization of IT-SOFCs. [3-5]  
In this respect, mixed ionic electronic conductors (MIECs) based on transition metal (e.g. Mn, Fe, 
Co, and Ni) oxides have received remarkable attention. [3,4,6] MIECs have the capability to conduct 
oxygen ions and electrons simultaneously, which leads to an increase of electrochemical reactive 
sites. It is generally accepted that the entire surface of MIECs may work as reactive sites for the 
ORR, because the ORR can occur at not only the triple phase boundary (TPB) but also the two 
phases boundary (2PB). [6,7] Specifically, the TPB is a reaction site where the gas phase meets the 
electronic and ionic conducting phases at the electrode-electrolyte interface. In the case of MIECs, 
the ORR also occurred at the 2PB, which corresponds with the interface boundaries between 
MIECs and oxygen gas.  
Among various MIECs, cobalt containing oxides such as LaCoO3, PrCoO3, and NdCoO3 doped 
with a transition metal or alkaline element showed superior electro-catalytic activity for the ORR.[8-
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10] However, cobalt containing oxides are known to induce thermomechanical failure due to their 
large thermal expansion coefficients (TECs), which cause a mismatch between the cathode and 
electrolyte. The large TEC mismatch negatively affects the durability under thermal cycling in 
SOFC systems. [11-15] Also, the cobalt containing oxides are limited by high cost, toxicity, and easy 
evaporation of cobalt. [13,16]  
In this regard, the Ruddlesden-Popper (RP) nickelate structure, Co-free La2NiO4, derived from 
K2NiF4-type mixed ionic materials has drawn tremendous attention as IT-SOFC cathodes. It affords 
many advantages such as reasonable TECs, high oxygen ionic and electronic conductivity, and high 
electro-catalytic activity toward oxygen reduction.[15,17,18] The RP nickelate structure is composed 
of alternating perovskite layers (LaNiO3)n and rock-salt layers (LaO) along the crystallographic c 
direction. From the Lan+1NinO3n+1 (n = 1, 2, and 3) series, higher-order RP phase La4Ni3O10-δ, can 
be regarded as the most suitable cathode material with high electrical conductivity, high cell 
performance, and better redox properties. Increasing the number of perovskite layers in the RP 
structure with higher n-value result in increasing concentration of Ni–O–Ni bonds in charge of 
electronic conduction pathways of perovskite layers, leading to high electrical conductivity. [4,19-24]  
To fabricate nano-sized La4Ni3O10-δ composites, the infiltration method is chosen because it can 
provide reduced particle size of La4Ni3O10-δ by separating the sintering process of the cathode from 
that of the electrolyte.[4,22,25] The low sintering temperature required in the infiltration method is a 
key factor for the fabrication of La4Ni3O10-δ nanocomposites, because high sintering temperature 
gives rise to reactions between the constituents, growth of the particle size, and the formation of a 
thin film. Moreover, the low sintering temperature process can facilitate co-firing with other 
catalysts that are not compatible with high temperature fabrication methods and maintain small 
particle size, resulting in enhanced effective TPBs and 2PBs. [4,25,26] With the scale-down effects 
from low sintering temperature, the fuel cell performance will be enhanced in that the nano-sized 
particles accelerate electrochemical reactions by providing a greater number of active sites. In this 
sense, the nanocomposite La4Ni3O10-δ cathode is expected to improve electrochemical 
characteristics, especially in terms of fuel cell performance. 
As a means of enhancing the electrochemical properties of the cathode material in this study, 
alkaline element doping on A-sites is also considered. In this regard, strontium is used as a common 
dopant for lanthanum due to the charge difference between Sr2+ and La3+.[9,10,15,24,27,28] From a survey 
of the literature, the strontium doping effect on La4Ni3O10-δ has not been investigated thoroughly, 
despite strong motivations as mentioned above. Therefore, the strontium doping effect on LNO is 
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also investigated. This study presents an investigation of La4Ni3O10-δ–YSZ composite and a 
systematic study of the strontium doping effect of LNO on structural characteristics, electrical 
properties, and electrochemical performance via infiltration in relation to the application of this 
nanocomposite as an IT-SOFC cathode material. 
 
2.2.  Experimental 
La4-xSrxNi3O10-δ–YSZ (LSNO) (x = 0, 0.4, 0.8, and 1.2) were prepared via an infiltration process 
into a porous YSZ slab. The abbreviations used to identify the various samples are listed in Table 
2-1. A solution of LSNOs were synthesized with stoichiometric amounts of La(NO3)3 · 6H2O 
(Aldrich, 99.9%), Sr(NO3)2 (Aldrich, 99+%), and Ni(NO3)2 · 6H2O (Aldrich) in distilled water. 
Citric acid was added in a 1:1 metal ions: citric acid molar ratio. The LSNO infiltrated slabs were 
calcined at 450 oC for 20 min in order to decompose nitrate ions and citric acid. The infiltration 
procedure was repeated up to 45 wt. % loading and the slabs were sintered at various temperatures 
(750, 850, and 950 oC) for 4 h in air to identify a suitable sintering temperature at which the RP 
phase forms without any impurities. The porous YSZ slurries were prepared by adding YSZ powder 
(TZ-8Y, Tosoh Corp.), dispersant (Duramax 3005, Rohm and Haas), binder (HA-12 and B-1000, 
Rohm and Haas), and pore former (Graphite, Aldrich) into distilled water. YSZ slabs with 65 % 
porosity were fabricated using YSZ slurries sintered at 1500 oC. Electrolyte supported cells were 
made by tape casting in order to evaluate the properties of an electrode with the outer two layers 
incorporating pore formers. Two kinds of electrolyte supported cells were fabricated via multiple 
infiltration process up to ∼45 wt. % loading, a symmetric cell (LSNO–YSZ/YSZ/LSNO–YSZ) 
and a single cell (LSNO–YSZ/YSZ/Ce–Pd–YSZ). The electrolyte supported cell was sintered at 
the optimized temperature of 850 oC. An X-ray diffraction (XRD) (Rigaku diffractometer, Cu Ka 
radiation) analysis was performed in order to confirm the crystalline structure with a scan rate of 2
◦ min−1 in a range of 20◦ < 2θ < 60◦ . 
The microstructures of the LSNO were investigated using Scanning Electron Microscopy (SEM) 
(Nova SEM). The surface areas of the LSNO oxide were quantified by using Brunauer-Emmett-
Teller (BET) isotherms (Belsorp-max) to clarify the results of SEM. The electrical conductivities 
of LSNO were evaluated using a four-terminal DC arrangement technique. The current and the 
voltage were recorded by a BioLogic Potentiostat at intervals of 50 ◦C between 100 to 750 ◦C. Ag 
wires were attached to both electrodes of the electrolyte supported cell as current collectors with 
Ag paste. The cells were fastened on a 10 mm diameter alumina tube using a ceramic adhesive 
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(Aremco, Ceramabond 552). Area specific resistance (ASR) was measured by AC impedance 
spectroscopy under OCV in air using the symmetric cell. For the single cell test, the anode side was 
exposed to humidified H2 (3 % H2O) with a flow rate of 20 mL min
−1 by first passing H2 through 
a water bubbler, and the cathode side open to the air. I-V curves were obtained with a BioLogic 
Potentiostat in a temperature ranges of 550–700 ◦C.  
 














Figure 2-1  X-ray diffraction patterns of (a) LNO–YSZ, (b) LSNO4–YSZ, (c) LSNO8–YSZ, 
and LSNO12–YSZ composites sintered at 750, 850, and 950 ◦C, respectively. 
PAGE 56 / 130 
 
Figure 2-1 shows the XRD patterns of La4-xSrxNi3O10-δ (x = 0, 0.4, 0.8, and 1.2) nanocomposites 
sintered at various temperatures for 4 h in air. In order to find the appropriate temperature to form 
the Ruddlesden-Popper (RP) single phase, we changed the sintering temperature from 750 to 950 
◦C with increments of 100 ◦C. The XRD patterns of all samples indicate that the sintering 
temperature of 850 ◦C is suitable to form a single-phase RP structure successfully without any 
detectable impurity phases. Meanwhile, some additional peaks are detected in the XRD patterns of 
composites sintered at 750 and 950 ◦C, indicating failure to form a pure RP structure. However, 
there exist unknown peaks in the XRD pattern of the LSNO12 composite in Figure 2-1d at any 
given temperature and thus it was excluded from the investigation of this study. Therefore, all 




Figure 2-2  Electrical conductivities for LSNO–YSZ samples as a function of temperature in 
air. 
 
The Arrhenius plots of electrical conductivities of the LSNO–YSZ composite are shown in  
 
Figure 2-2 for a temperature range of 100–750 ◦C. The electrical conductivity of the LNO–YSZ 
composite shows a maximum value approximately 33 S cm−1 at 100 ◦C and constantly decreases 
with elevated temperature, showing metallic behavior over the entire temperature range. The bulk 
cathode materials largely present higher values of electrical conductivity than the composite 
cathode materials, as expected given that conductivity is proportionate to the amount of cathode 
material in the composite. [29]  
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Meanwhile, it has been reported that the nanocomposite has higher electrical conductivity with 
equal concentration of the conductive phase in the solid due to the formation of particles on the 
porous YSZ walls.[25,29] In this context, the electrical conductivity of the LNO nanocomposite is 
reasonable, although it has relatively lower value than bulk LNO. Also,  
 
Figure 2-2 depicts that the electrical conductivities of the LSNO–YSZ gradually increased with 
higher strontium concentration in LSNO. This trend can be explained by the charge imbalance and 
electro-neutrality. Partial Sr2+ substitution at the La3+ sites cause negative effective charges, a 
phenomenon known as charge imbalance. The charge imbalance is compensated by Ni2+ → Ni3+ 
(electronic compensation) or charged oxygen vacancies (ionic compensation). The overall electro-
neutrality condition in the LSNO can be written as the following equation. 
 
[ 𝑺𝒓𝑳𝒂
′ ] = [𝑵𝒊𝑵𝒊
∙ ] + 𝟐[𝑽𝒐
∙∙]         Equation 2-1       
 
Therefore, the elevated strontium concentration in LSNO results in an increase of electrical 





Figure 2-3  SEM images of (a) YSZ scaffold, (b) LNO–YSZ, (c) LSNO4–YSZ, and (d) LSNO8–
YSZ sintered at 850 °C in air 
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In Figure 2-3, SEM micrographs of LSNO–YSZ nanocomposites are presented to evaluate the 
microstructures related to the characteristics of surface area, TPB, the volume fraction of chemical 
phases present, and the electron transport. These properties affect the cell performance with the 
reaction kinetics, mass transport processes, and charge transport. The active area of the fuel cell 
electrode, where the reaction occurred, is related to the TPB and 2PB length. The TPB and 2PB are 
the reaction sites for the ORR in the cathode, where the interface boundaries between LSNO and 
YSZ are exposed to oxygen gas. The infiltrated thin LSNO oxide layer, which is composed of small 
particles, coats the surface of the YSZ scaffold after sintering at 850 ◦C for 4 h in air. The SEM 
images clarify that the particles of the LSNO oxide are synthesized on a nano-scale via infiltration, 
implying an increase of electrochemically active sites. This in turn leads to superior electrochemical 
performance, considering that smaller grain size often results in larger surface area and potentially 
higher electrochemical performance. Comparing the SEM images, the LSNO4 and LSNO8 
composites show good wettability, well-described in the inset of Figure 2-3, which lead to enhanced 
interconnection with neighboring particles. However, the high wettability also leads to the 





Figure 2-4  N2 adsorption isotherm and BET plots (inset) of (a) YSZ scaffold, (b) LNO–YSZ, 
(c) LSNO4–YSZ, and (d) LSNO8–YSZ drying at 150 °C for 12 h in vacuum. 
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This is clarified in Figure 2-4, which presents the surface area of the LSNO–YSZ nanocomposites, 
quantified by performing N2 adsorption measurements, based on Brunauer-Emmett-Teller (BET) 
isotherms, after drying the sample at 150 ◦C for 12 h in vacuum. The adsorption and desorption 
isotherms of the YSZ scaffold (a) are type II, indicating that the YSZ scaffold is a non-micropore 
material. As shown in Figure 2-4b - d, the LSNO-YSZ nanocomposites present type IV hysteresis 
loops, which is typical for mesoporous (pore size 2–50 nm) adsorbents. In this regard, it is thought 
that LSNO nanocomposites form a mesoporous layer, making surface be tortuous. In a type IV 
hysteresis loop, the difference in the adsorption and desorption isotherms at high partial pressure 
results from capillary condensation in mesopores formed on a non-micropore material. [30] 
Therefore, the degree of difference is increased with decreased pore size, consequently related with 
enlarged surface area. According to degree of difference in the isotherms, the BET surface area 
measurement for LSNO oxides decreases as 1.261, 0.978, and 0.874 m2 g−1, respectively, along 
with higher Sr concentration. From the BET results, it is clarified that the composites have high 
wettability and good interconnection between neighboring particles with higher strontium 
concentration in LSNO, as confirmed by SEM images. The area specific resistance (ASR) of the 
symmetric cell (LNO–YSZ/YSZ/LNO–YSZ) is obtained by using AC impedance spectroscopy 
from 550 to 700 ◦C at intervals of 50 ◦C in air. The ASR represents total resistance terms such as 
resistances occurring at the electrode, electrode-electrolyte interface, the bulk of the cathode, or the 
gas-cathode interface. Generally, the intercept with the real axis of the Nyquist plot at low 
frequency describes the total resistance, and the intercept at high frequency shows the electrolyte 
ASR. The cathode ASR is thus determined by the difference between the two values on the real 
axis. The electrolyte ASR is excluded to present the cathode ASR obviously. 
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Figure 2-5  (a) Typical impedance spectra of symmetric cell measured under an open-circuit 
condition at 700°C 
 
As shown in Figure 2-5, the cathode ASR of the LNO nanocomposite is 0.128  cm2 at 700 ◦C, 
which is ∼1/5 of the bulk LNO reported in the references.[19,29,31] Thus, it can be concluded that 
the LNO nanocomposite has lower ASR with faster oxygen diffusion kinetics in the cathode than 
the bulk LNO. Additionally, Figure 2-5 shows that the cathode ASR values of LSNO4 and LSNO8 
cathodes are 0.195, 0.274  cm2, respectively, at 700 ◦C. Although the cathode ASR of LNO is 
lower than those of LSNO4 and LSNO8, the values of strontium doped samples are still 
competitive as cathode material. 
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Figure 2-6  I-V curves and corresponding power density curves of single cell (LSNO–
YSZ/YSZ/Ce-Pd-YSZ) in a temperature range of 550–700 °C: (a) LNO–YSZ, (b) LSNO4–YSZ, 
and (c) LSNO8–YSZ. 
 
The SEM images present good wettability of the LSNO oxides over the YSZ scaffold with a well-
covered dense layer which can explain the slight increase of the cathode ASR value with strontium 
doping. The wettability of LSNO is enhanced with an increase of strontium content. Generally, 
good wettability of an oxide indicates a good inter-connection for electrical conduction, which 
reduces the ohmic losses in composite electrodes. But the thin oxide layer can interrupt the ORR 
with reduced TPB sites and a decreased oxygen ion diffusion rate in the cathode. Therefore, it is 
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revealed that strontium doping on lanthanum sites of LNO has a negative effect on the ASR. Figure 
2-6 presents the I-V curves and the corresponding power densities of the LSNO–YSZ cathode using 
humidified H2 (3 % H2O) as a fuel at 550, 600, 650, and 700 ◦C, respectively. An electrolyte-
supported single cell (LSNO–YSZ/YSZ/Ce–Pd–YSZ) based on a ∼120 μm YSZ electrolyte was 
fabricated to measure the electrochemical performance of the LNO–YSZ cathode. The maximum 
power density of the LNO nanocomposite was 0.385 W cm−2 at 700 ◦C. In comparison with the 
power density of bulk LNO, [4,19,31,32] the value of LNO here is reasonable considering that a thick 
YSZ electrolyte (∼120 μm) was used in this study without any buffer layer. The electrolyte is 
responsible for the higher ohmic resistance and consequently lower power density. Also, the anode 
ASR cannot be neglected with respect to the electrochemical performance. With the thin electrolyte 
and good anode material, the power density of the LNO nanocomposite will be higher than that of 
bulk LNO considering the positive effect of the considerably low ASR and enlarged active area for 
the ORR. Since the active sites for the ORR are related to the entire surface of the cathode 
(2PB+TPB), the smaller particle size, indicating larger surface area, confirmed by SEM appears to 
have a positive effect on the electrochemical performance. At the same operating temperature, 700 
◦C, the samples containing strontium show maximum power density of 0.365 and 0.341 W cm−2 
for LSNO4 and LSNO8, respectively, as shown in Figure 2-6 b-c, thus demonstrating the possibility 
of LSNO as an IT-SOFC cathode material. It appears that the strontium in the perovskite layer of 
LSNO did not have a favorable effect on the electrochemical performance of an electrolyte-
supported single cell. LSNOs showed acceptable performance at 700 ◦C because of the enhanced 
electrical conductivity with strontium doping although LNO shows higher electrochemical 
performance than Sr-doped samples. 
 
2.4.  Conclusion 
The electrochemical properties of La4Ni3O10-δ –YSZ nanocomposites prepared via infiltration were 
studied with the aim of enhancing the fuel cell performance of a high order Ruddlesden-Popper 
phase for IT-SOFC application. Additionally, strontium effects in La4-xSrxNi3O10-δ were investigated. 
The infiltration process, where the LNO oxide is deposited into a porous YSZ scaffold, facilitates 
the fabrication of LNO nanocomposites with low ASR, enlarged active sites for the ORR, and 
excellent fuel cell performance. An enhancement of electrical conductivity, an increase of non-
ohmic resistance, and a decrease of electrochemical performance were observed with strontium in 
La4-xSrxNi3O10-δ. The non-ohmic resistance and the maximum power density of LNO were 0.128 
 cm2 and 0.385 W cm−2 at 700 ◦C, respectively. This investigation shows that, compared to bulk 
LNO, the LNO nanocomposite formed by infiltration is a promising candidate for application as 
an IT-SOFC cathode in terms of electrochemical performance.  
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Chapter 3.  Energy Conversion: Nanostructured Double 
Perovskite Cathode with Low Sintering Temperature For 
Intermediate Temperature Solid Oxide Fuel Cells 
 
 
This Chapter has been published. 
Reproduced with permission from S. Kim et al., Nanostructured Double Perovskite Cathode with 
Low Sintering Temperature For Intermediate Temperature Solid Oxide Fuel Cells, ChemSusChem, 
8, 18, 3153-3158 (2015). Copyright 2015. Wiley. DOI: 10.1002/cssc.201500509 
 
3.1.  Introduction 
Solid oxide fuel cells (SOFCs) have received tremendous attention as a promising energy-
conversion device for clean and renewable energy with high efficiency and low emissions. 
Nevertheless, the high operating temperatures of 800–1000 oC lead to critical problems including 
corrosion, chemical interdiffusion, reactions between components, and high thermal stress. In an 
effort to overcome these problems, intermediate-temperature SOFCs (IT-SOFCs) with an operating 
temperature range of 500–700 oC have been widely studied.[1–5] The reduced operating temperature, 
however, gives rise to poor activity for the oxygen reduction reaction (ORR) at the cathode and 
consequently increases the polarization resistance (Rp) of the cathode. This, in turn, contributes 
predominantly to efficiency loss and performance degradation of IT-SOFCs. One of the challenges 
for reducing Rp of the cathode is to develop cathode materials with sufficiently high activity for the 
ORR. The ORR occurs at active sites referred to as the triple phase boundary (TPB) where the gas 
phase comes into contact with the electronic and ionic conducting phases simultaneously. In this 
regard, mixed ionic electronic conductors (MIECs) have been widely explored in an attempt to 
increase the active sites such that the ORR can occur on the entire surface of MIECs, not only at 
the TPB but also at the interface of the MIEC exposed to oxygen gas (two phase boundary; 2PB).[6–
8] Various MIEC materials have been studied as IT-SOFC cathodes owing to their excellent 
compatibility with ionic conductors and other cell components; however, the Rp of the cathode at 
low temperatures is still unsatisfactory. Cation-ordered layered perovskites with the general 
formula AA’B2O5+ (such as LnBaCo2O5+ (Ln = La, Pr, Nd, Sm, and Gd; LnBCO) were studied 
extensively as cathode materials for IT-SOFCs on account of their much higher chemical diffusion 
and surface exchange coefficients for oxygen transport.[1,9–14] In particular, GdBaCo2O5+ (GBCO) 
offers excellent structural stability and electrochemical performance in a temperature range of 500–
700 oC.[12,15,16] Our group has previously revealed the positive impact of partial co-substitution of 
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Ba and Co by Sr and Fe on SOFC cathode performance in terms of both electrical conductivity and 
redox stability.[13,17,18] Accordingly, GdBa0.5Sr0.5CoFeO5+ (GBSCF) was proposed as a promising 
cathode material for IT-SOFCs in previous studies.[18,19] To reduce the cathode Rp, addition of 
specific ionic conducting materials on a MIEC cathode is an effective means of providing 
additional TPBs.[14,20,21] Among these materials, stabilized zirconia, especially yttria-stabilized 
zirconia (YSZ), is considered to be one of the most reliable ionic-conducting materials for SOFC 
applications while also offering good chemical, thermodynamic, and mechanical stability over a 
wide temperature range.[8,10,21–24] The minimum sintering temperature of YSZ (1000 oC), however, 
gives rise to undesired reactions with the MIEC cathode material.[25] A buffer layer is widely 
utilized to prevent undesired reactions between YSZ as electrolyte and cobaltite-based cathodes. 
The use of a buffer layer, however, shows analogous effects to the use of an additional insulator 
and also complicates the fabrication process and is thus economically less attractive.[26–28] For YSZ, 
the low temperature process can cause high fragility and grain boundary resistances, which prevent 
the free flow of oxygen anions from the electrolyte to the electrode. The dilemma is thus in 
optimizing the fabrication process in terms of sintering temperature, which should be reduced to 
avoid undesired reaction and, simultaneously, should be high enough to establish a good connection 
between the YSZ in the electrode and the YSZ in the electrolyte. 
An infiltration method is, therefore, chosen in this study to fabricate a SOFC cathode because it 
can separate the sintering process of the cathode material from that of the electrolyte.[29,30] The 
infiltration method thus facilitates a low temperature process where nanosized cathode particles are 
formed, which consequently reduces the Rp of the cathode by maximizing the surface area.[25,31] In 
addition, a robust micrometer sized YSZ backbone sintered at high temperature supports an 
optimized distribution of the nanoparticles to satisfy the requirements for the SOFC cathode such 
as structural integrity with adequate mechanical strength and stability at temperature over 500 oC. 
This study demonstrates the optimization of the cathode microstructure via infiltration by 
controlling the sintering temperature and presents the electrochemical properties of the optimized 
cathode. 
 
3.2.  Experimental 
3.2.1.  Preparation of porous scaffold 
The YSZ scaffolds were fabricated into a slab and used in an electrolyte-supported cell for which 
porous YSZ with 65 % porosity was prepared by adding YSZ powder (TZ-8Y, Tosoh Corp.), 
dispersant (Duramax 3005, Rohm and Haas), binder (HA-12 and B-1000, Rohm and Haas), and 
pore former (Graphite, Sigma Aldrich) into distilled water. The porous YSZ slurry was dried at 
room temperature and sintered at 1500 oC to fabricate a YSZ slab used to clarify the surface area. 
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Tri-layer electrolyte supported cells with an electrode area of 0.36 cm2 were prepared by tape 
casting with a configuration consisting of porous YSZ/dense YSZ/porous YSZ to evaluate the 
electrochemical properties of the electrode.  
Solution preparation and infiltration process GBSCF–YSZ composite cathodes were prepared by 
an infiltration of nitrate solution into a porous YSZ scaffold. A solution of GBSCF was synthesized 
using stoichiometric amounts of Gd(NO3)3·6H2O (Aldrich, 99.9%), Ba(NO3)2 (Aldrich, 99+%), 
Sr(NO3)2 (Aldrich, 99+%), Co(NO3)2·6H2O (Aldrich, 98+%), Fe(NO3)3 ·9H2O (Aldrich, 98%), and 
citric acid in distilled water. The pH value of the solution was controlled to be ~3 by adding 
ammonia. The GBSCF-infiltrated samples were calcined at 450 oC for 20 min and this was repeated 
up to 45 wt. % loading. 
 
3.2.2.  Characterization of infiltrated cathode 
In situ annealing X-ray diffraction (XRD) (Bruker D8 Advance) experiments were performed every 
50 oC from 550 to 900 oC for 2 h in a range of 20o < 2 < 60o. The sample was held at each 
temperature for 4 h in air. The microstructures of the GBSCF sintered at 650, 700, and 750 oC were 
investigated using scanning electron microscopy (SEM) (Nova SEM). Transmission electron 
microscopy (TEM) images were acquired using a JEOL JEM 2100F equipped with a probe forming 
(STEM) Cs corrector operated at 200 kV. The surface morphology of the samples was investigated 
using atomic force microscopy (AFM, Nanoscope V, Veeco) through a tapping mode. The surface 
areas of the YSZ scaffold and GBSCF sintered at 700 oC were quantified by using Brunauer–
Emmett–Teller (BET) isotherms (Belsorp-max).  
 
3.2.3.  Electrical and electrochemical testing 
 Ag wires were attached to both electrodes of the electrolyte-supported cell as current collectors 
using Ag paste. The cells were fastened on a 10 mm diameter alumina tube using a ceramic adhesive 
(Aremco, Ceramabond 552). Area specific resistance (ASR) was measured by AC impedance 
spectroscopy at open-circuit voltage in air using the symmetric cell. All impedances of the 
symmetric cell were divided by two considering that there were two identical cathodes. For the 
single cell test, 5 wt. % Pd and 45 wt. % ceria were added to the porous layer of the anode side 
using tetra-ammine palladium(II) nitrate solution (Alfa Aesar, 99.9%) and Ce(NO3)3·6H2O (Alfa 
Aesar, 99.5%). The anode side was calcined at 450 oC and exposed to humidified H2 (3% H2O) 
using a flow rate of 100 cm3 min-1 by first passing H2 through a water bubbler, and the cathode side 
was open to the air. I–V curves were obtained with a BioLogic Potentiostat in a temperature range 
of 500–700 oC. 
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3.3.  Results and Discussions 
3.3.1.  Structural characteristics of the GBSCF–YSZ composite  
 In situ XRD patterns 
An as-prepared sample was sintered and examined at the temperature range 550–900 oC using in 
situ X-ray diffraction (XRD) to assess the sintering conditions associated with the formation of the 
layered perovskite structure (Figure 3-1a). A layered perovskite structure was thereby formed 
successfully without significant impurity formation in the temperature range of 550–700 oC 
whereas undesired peaks were observed (e.g., SrZrO3) at 750 oC and above. Taking into 
consideration the operating temperature of IT-SOFCs (500–700 oC), GBSCF–YSZ composites 
were sintered above 600 oC for subsequent measurements.  
 




Figure 3-1  a) XRD patterns obtained through in situ annealing of an as-prepared sample in 
the range 550–900 oC. The sample was held at each temperature for 4 h in air. b) EDS 
micrographs and elemental mapping of Gd, Ba, Sr, Co, Fe, Y, Zr, and O, respectively, for 
GBSCF–YSZ sintered at 700 oC. 
 
For compositional analysis, energy dispersive spectroscopy (EDS) was performed for 
compositional analysis of the GBSCF infiltrated into the YSZ scaffold (GBSCF–YSZ composite) 
sintered at 700 oC for 4 h. The elemental distribution mapping images show the presence of Gd, 
Ba, Sr, Co, Fe, Y, Zr and O (Figure 3-1b). This indicates that GBSCF nanoparticles were formed in 
the layered perovskite structure without any impurity phase on the YSZ scaffold, as supported by 
XRD results.  
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3.3.2.  Characteristics of GBSCF–YSZ composite depending on sintering temperature 
 SEM and STEM images  
 
 
Figure 3-2  SEM images of GBSCF–YSZ composite cathode sintered at a) 600, b) 700, and c) 
800 oC for 4 h in air (scale bars correspond to 2 mm). d–f) STEM HAADF images of GBSCF 
particles of the cathode. 
 
To study the dependence of microstructural change on sintering temperature, scanning electron 
microscopy (SEM) images of GBSCF–YSZ composites sintered at different temperatures were 
recorded (Figure 3-2 a–c). Figure 3-2 d–f shows scanning transmission electron microscopy 
(STEM) high angle annular dark field (HAADF) images of particles on the cathodes shown in 
Figure 3-2 a–c. A cross-sectional view of the GBSCF–YSZ composite provides more information 
on the realistic structure of GBSCF particles infiltrated into the YSZ. For the GBSCF–YSZ 
composite, nanosized GBSCF particles cover the surface of the porous YSZ scaffold, showing an 
increase of particle size with increased sintering temperature. In Figure 3-2a, the microstructure of 
GBSCF–YSZ sintered at 600 oC can be described as not-fully-grown particles due to insufficient 
heat treatment. It is confirmed by Figure 3-2d that the porosity of the electrode seems to be too low 
to form long TPB although very fine pores can be observed. Therefore, the sintering temperature 
was set to 700 oC to obtain fully-formed particles. In the case of GBSCF–YSZ sintered at 700 oC, 
nanosized particles uniformly cover the YSZ scaffold with sufficient interconnections between the 
particles to transfer electrons and adequate porosity to form long TPBs (Figure 3-2 b and e). Also, 
the villus-like structure composed of nanoparticles improves the structural characteristics of the 
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GBSCF–YSZ composite sintered at 700 oC, including porosity, surface area, and interconnection. 
The microstructure of GBSCF–YSZ sintered at 700 oC shows the structure of an infiltrated cathode, 
as proposed by many researchers. 
The researchers suggested a model, demonstrating that the surface area strongly affects Rp.[8,31–33] 
In the literature, it has been argued that a microstructure composed of small particles with a uniform 
distribution over YSZ is close to an ideal cathode microstructure because it is effective for 
maximizing the electrochemically active sites (TPB+2PB) while also providing sufficient porosity 
for effective gas diffusion. In this regard, the optimized microstructure of GBSCF–YSZ sintered at 
700 oC is expected to improve the electrochemical properties of the cathode since the 
microstructure is similar to the ideal model explained above. Sintering at 800 oC induces a chemical 
reaction between GBSCF and YSZ, possibly due to excessive heat treatment, as confirmed by XRD 
results. The destruction of the villus-like structure and the agglomeration of particles sintered at 
800 oC (Figure 3-2 c and f) decrease the electrochemically active surface area. 
  




Figure 3-3  Schematic drawings of the GBSCF–YSZ composite consisting of a–c) a villus-like 
structure with small particles (optimized sintering temperature) and d–f) destruction of the 
villus-like structure with large particles (excessive heat treatment). 
 
Schematic drawings of the infiltrated GBSCF are shown in Figure 3-3 for better clarification of the 
microstructural changes occurring at various sintering temperatures. The GBSCF–YSZ composites 
are depicted as an array of YSZ rods growing from the dense YSZ backbone that are covered by 
GBSCF nanoparticles. In Figure 3-3 a–c, the villus-like structure composed of nanoparticles 
accelerates the diffusion of oxygen in the cathode.  
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The smaller size of the particles provides shorter oxygen ion conducting paths and corresponding 
faster oxygen ion diffusion from the active sites to the electrolyte. In contrast, the destruction of 
the villus-like structure and the agglomeration of particles prolong the path of oxygen gas diffusion 
from the atmosphere to active sites and lead to lower concentrations of oxygen gas around the 
active sites (Figure 3-3 d–f). Consequently, a diffusion of oxygen ions is limited in the cathode on 
account of the increased particle size.  
 
 Area specific resistance 
AC impedance spectra was recorded using a symmetric GBSCF–YSZ/YSZ/GBSCF–YSZ cell to 
obtain the area specific resistance (ASR) for the GBSCF–YSZ composite. Figure S1 in the 
Supporting Information shows Nyquist plots measured at 650 oC and Arrhenius plots for various 
sintering temperatures. Electrochemical impedance spectroscopy is generally used to describe all 
resistances related with the electrode and electrolyte of a cell, involving the gas–cathode and 
cathode–electrolyte interfaces. From the spectra, the difference between the intercepts at the real 
axis of the Nyquist plots indicates the ASR, which is the non-ohmic resistance of the composite 
cathode. In the Nyquist plots of a symmetric cell, the ohmic resistance is eliminated, allowing direct 
comparison of ASRs of the cathodes sintered at various temperatures. Figure S1a reveals that the 
measured ASR values reach 0.048, 0.042, and 0.086  cm2 for GBSCF–YSZ sintered at 650, 700, 
and 750 oC, respectively. Figure S1b indicates that the GBSCF–YSZ sintered at 700 oC has the 
lowest value among the ASRs of as-sintered cathodes in the operating temperature range of 500–
600 oC. As expected and observed in Figure 3-2 and Figure 3-3, the lowest ASR value of the 
composite sintered at 700 oC can be mostly ascribed to microstructural improvement, including the 
highest surface area (3.83 m2 g-1, Figure S2), adequate porosity, and sufficient connections between 
nanoparticles. The GBSCF–YSZ composite sintered at 700 oC is, therefore, chosen for subsequent 
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3.3.3.  Electrochemical properties of the optimized cathode GY700  
 Area specific resistance 
 
Figure 3-4  (a) Impedance spectra and (b) Arrhenius plots of the area specific resistance for 
the optimized GBSCF–YSZ composite cathode on a YSZ symmetric cell sintered at 700 oC for 
4 h in air. The cathode polarization resistances were obtained over a temperature range of 500-
700 oC and compared with reported data from the references listed in Table S1 for the following: 
La0.8Sr0.2Co0.5Fe0.5O3 (purple),[23] LaCo0.6Ni0.4O3 (black),[34] La0.8Sr0.2MnO3 (blue),[34] 
Sm0.5Sr0.5CoO3 (pink),[36] and La0.6Sr0.4CoO3 (yellow).[38]  
 
Figure 3-4 shows impedance plots of the symmetric cell using GY700 as electrodes, which exhibits 
remarkably low ASR values: 0.006, 0.014, and 0.042  cm2 at 700, 650, and 600 oC, respectively. 
For a direct comparison, the ASRs of infiltrated cathodes reported in recent studies are summarized 
in Table S1.[8,10,11,22,23,34–38] Also, the Arrhenius plots of GBSCF–YSZ in a temperature range of 
500–700 oC are compared to those obtained for La0.8Sr0.2Co0.5Fe0.5O3[23] LaCo0.6Ni0.4O3,[34] 
La0.8Sr0.2MnO3,[34] and La0.6Sr0.4CoO3,[38] for which the ASR values are 0.089, 0.38, 0.14, and 0.03 
 cm2 , respectively, at 700 oC. The Arrhenius plots show that the ASR of GY700 (0.006  cm2 at 
700 oC) is the lowest value, being ~1/5 of those reported so far. These outstanding results reveal 
that GY700 is one of the most attractive cathodes prepared by infiltration in terms of practical IT-
SOFC applications.  
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Figure 3-5  (a) I–V curves and corresponding power density curves of a single cell in a 
temperature range of 500–700 oC. (b) Long term stability for the cell (GBSCF–YSZ/YSZ/Ce–
Pd–YSZ) at a constant cell voltage of 0.6 V with operating temperature of 600 oC. 
 
To characterize the fuel cell performance of GY700, an electrolyte–supported single cell (GBSCF–
YSZ/YSZ/Ce–Pd–YSZ) was used with humidified H2 (3% H2O) as a fuel and air as the oxidants. 
The I–V curves and corresponding power density curves are presented in Figure 3-5a. The ohmic 
resistances are 0.384, 0.730, 1.374, 2.813, and 6.051  cm2 at 700, 650, 600, 550, and 500 oC, 
respectively (Figure S4). These ohmic resistances are in reasonable agreement with the expected 
values associated with an 80 m thick YSZ as electrolyte. The non-ohmic resistances are 0.134, 
0.171, 0.240, 370, and 0.714  cm2 at 700, 650, 600, 550, and 500 oC, respectively (Figure S4). 
The maximum power densities of GY700 are 0.593, 0.322, 0.182, 0.095, and 0.046 W cm-2 at 700, 
650, 600, 550, and 500 oC, respectively. Based on earlier studies, anodic losses for the composite 
anode Ce–Pd–YSZ were reported to be approximately 0.16–0.20  cm2 at 700 oC in humidified 
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H2.[39–42] This suggests that most of the non-ohmic resistance in this study (0.134  cm2 at 700 oC) 
originates from anodic losses, indicating negligible ASR of the cathode, which has a value a 0.006 
 cm2 at 700 oC in a symmetric cell. The single cell performance could be improved if ohmic 
resistances and anodic losses are reduced. Figure 3-5b depicts the changes in power density of 
GY700 calculated from the current density with time at a cell voltage of 0.6 V at 600 oC. The cell 
with GY700 shows constant power density without initial degradation and any detectable 
degradation (1.8 %) over 200 h. The improved stability and excellent cathode performance in this 
study, with the optimized cathode composite through infiltration process, could open a new path to 
accelerate the commercialization of SOFC technology. 
 
3.4.  Conclusions 
A GdBa0.5Sr0.5CoFeO5+–yttria-stabilized zirconia (GBSCF–YSZ) composite was prepared by 
infiltration of the YSZ scaffold, giving rise to an optimized cathode microstructure that reduces the 
cathode polarization resistance (Rp). The GBSCF–YSZ composite had an cathode microstructure 
effective for reducing Rp when the composite was sintered at 700 oC for 4 h in air. 
The GBSCF–YSZ cathode presented excellent electrochemical properties with a remarkable 
cathode area specific resistance of 0.006  cm2 at 700 oC. The maximum power density of a single 
cell (GBSCF–YSZ/YSZ/Ce–Pd–YSZ) was 0.593 W cm-2, possessing excellent stability without 
any detectable cell degradation (1.8 %) over 200 h. This study demonstrates that the GBSCF-
infiltrated YSZ composite is a promising candidate for application as cathode in an intermediate-
temperature solid oxide fuel cell. 
 
Supporting Information 
The supporting information can be provided on website.  
S. Kim et al., Nanostructured Double Perovskite Cathode with Low Sintering Temperature For 
Intermediate Temperature Solid Oxide Fuel Cells, ChemSusChem, 8, 18, 3153-3158 (2015). 
Copyright 2015. Wiley. DOI: 10.1002/cssc.201500509 
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Chapter 4.  Energy Conversion: Tailoring Ni-based catalyst by 
alloying with transition metals (M = Ni, Co, Cu, and Fe) for direct 
hydrocarbon utilization of energy conversion devices 
 
 
This Chapter has been published. 
Reproduced with permission from S. Kim et al., Tailoring Ni-based catalyst by alloying with 
transition metals (M = Ni, Co, Cu, and Fe) for direct hydrocarbon utilization of energy conversion 




4.1.  Introduction 
Among the renewable energy conversion systems, hydrogen energy systems have received 
tremendous attention because hydrogen is a versatile, clean, efficient fuel, and the most abundant 
element in the universe. However, in order to obtain high purity hydrogen from various 
hydrocarbons, an expensive external reformation generally is required, leading to extra costs and 
high pollutant emissions during the process.[1–5] In this regard, the direct utilization of hydrocarbons 
without any external reformation is advantageous in terms of cost, simplicity, and energy saving.  
Catalysts have been developed to achieve effective fuel combustion since they can provide further 
electrode functionality in direct hydrocarbon devices. In the area of catalysts, Ni catalyst is widely 
used as an alternative to expensive noble metals, such as silver, platinum, palladium, etc., because 
it is advantageous in terms of high electronic conductivity and excellent catalytic activity towards 
hydrogen fuel oxidation and hydrocarbon cracking in preferred conditions.[6–8] Even with these 
benefits, it suffers from critical catalytic deactivation from carbon deposition on the surface and 
cell fracture from the significant volume change during re-oxidation process.[5,9–11] As the 
alternatives, Ni-free catalysts, such as platinum, ceria, palladium, copper, and perovskite oxides, 
have been developed for the direct catalytic oxidation of hydrocarbons; however, none of so far 
has satisfied both competitive price and good catalytic performance.[5,12,13] 
To resolve the tradeoff between electrochemical performance and carbon coking tolerance, Ni-
based alloy catalysts may be considered. These metal alloy catalysts usually present synergistic 
effects achieved from the respective favorable properties of the base-metal and secondary-metal.[14–
17] In this regard, Ni-based alloy catalysts are expected to possess both advantages of high catalytic 
activity toward hydrocarbon cracking from Ni metal and good tolerance toward carbon coking from 
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the secondary-metal properties. As a second metal, the transition metals in the first row of the 
periodic table are suitable due to their low cost, excellent electrical conductivity, and lower 
reactivity toward carbon coking than Ni.[14,15,18–20] Based on these principles, we considered Ni-Co, 
Ni-Cu, and Ni-Fe as possible Ni-based alloy catalysts for hydrocarbon oxidation. 
Herein, both the experimental and the theoretical aspects of the Ni-based alloy catalysts for direct 
hydrogen utilization are reported to consolidate the results. The theoretical modeling is aimed at 
elucidating key trends of the electrochemical performance and the carbon coking tolerance by 
calculating the strengths between H, O, and C species and each alloy catalyst. To the best of our 
knowledge, the present work is the first comprehensive study of Ni-based alloy catalysts, i.e. Ni, 
Ni-Co, Ni-Cu, and Ni-Fe, for direct hydrocarbon utilization, particularly solid oxide fuel cells 
(SOFCs) in terms of both experimental and theoretical aspects. This study demonstrates catalytic 
and carbon tolerance behaviors of Ni and Ni¬-M alloy catalysts (M = Co, Cu, and Fe) on 
PrBaMn2O5+ (PBMO) electrode with yttria-stabilized zirconia (YSZ) electrolyte under hydrogen 
(H2) and hydrocarbon (C3H8) fuel for direct hydrocarbon utilization. 
 
4.2.  Experimental 
 
4.2.1.  Solution preparation and infiltration process 
A solution of Pr0.5Ba0.5MnO3- for the anode was prepared using quantitative amounts of 
Pr(NO3)3∙6H2O (Aldrich, 99.9%), Ba(NO3)2 (Aldrich, 99+%), Mn(NO3)2 (Aldrich, 98%), and citric 
acid in distilled water.[5] In the same manner, a solution of GdBaSrCo0.5Fe0.5O5+ for the cathode 
was synthesized with stoichiometric amounts of Gd(NO3)3∙6H2O (Aldrich, 99.9%), Ba(NO3)2 
(Aldrich, 99+%), Sr(NO3)2 (Aldrich, 99+%), Co(NO3)2∙6H2O (Aldrich, 98+%), Fe(NO3)3∙9H2O 
(Aldrich, 98%), and citric acid in distilled water.[21] The pH of all solutions was controlled by the 
addition of ammonia to be ~ 3. A precursor solution of Ni and Ni-M alloy catalyst (M = Co, Cu, 
and Fe) was prepared by dissolving Ni(NO3)3∙6H2O (Aldrich), M(NO3)x∙yH2O (Aldrich), and citric 
acid into distilled water. PBMO, GBSCF, and catalyst infiltrated samples were calcined at 450 oC 
for 20min and this was repeated up to 45, 45, and 15 wt. % loading, respectively.  
 
4.2.2.  Preparation of porous scaffold  
To fabricate the tri-layer YSZ electrolyte supported cell (porous| dense | porous), the slurry for 
porous layer was prepared by adding YSZ powder (TZ-8Y, Tosoh Corp.), a dispersant (Duramax 
3005, Rohm and Haas), a binder (HA-12 and B-1000, Rohm and Haas), and a pore former (Graphite, 
Sigma Aldrich) into distilled water. The green tapes cast by using the slurry were laminated at 85 
oC and sintered at 1500 oC. The tri-layer electrolyte supported cells with an electrode area of 0.36 
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cm2 were utilized to evaluate the structural and electrochemical properties of the electrode. The 
electrode and electrolyte are approximately 42 ~ 50 m and 55 ~ 57 m in thickness, respectively. 
 
4.2.3.  Characterization and electrochemical testing of single cell 
For the structural analysis, X-ray diffraction (XRD) (Bruker D8 Advance) experiments were 
performed in a range of 20o < 2 < 60o. The microstructure of the PBM oxide was evaluated using 
scanning electron microscopy (SEM) (Nova SEM). For fuel cell performance, Ag wires were 
attached to both electrodes of the electrolyte supported cell as current collectors with Ag paste. The 
cells were sealed onto a 10 mm diameter alumina tube using a ceramic adhesive (Aremco, 
Ceramabond 552).  
The fuel gas (humidified H2 (3% H2O) and/or C3H8) is supplied to the anode side with a flow rate 
of 100 cc min-1. Area specific resistance (ASR) was obtained by AC impedance spectroscopy under 
OCV and I-V curves were measured with a BioLogic Potentiostat in a temperature range of 500-
700 oC. 
 
4.2.4.  Density Functional Theory (DFT) calculation 
DFT calculations were carried out using the projector augmented wave pseudo potential (PAW),[22] 
as implemented in the Vienna ab initio simulation package (VASP).[23-25] The generalized gradient 
approximation (GGA) formulated by Perdew, Burke, and Ernzerhof (PBE) was employed to 
describe the exchange and correlation interactions between electrons. A kinetic energy cutoff of 
400 eV, a k-point mesh of 5×5×1 using Monkhorst and Pack, and a convergence threshold of 10-5 
eV with maximum force criterion of 0.01 eV/Å were used for the plane-wave basis, Brillouin zone 
integration, and total energy, respectively. With 12 Å vacuum region, the two slabs were separated 
to avoid interaction between the adsorbates such as H, O, and C and the subsequent slab. 
 
4.3.  Results and Discussions 
4.3.1.  Structural characteristics of the anode side 
 X-ray diffraction patterns 
Figure 4-1a shows the X-ray diffraction (XRD) patterns of the as-sintered samples before and after 
treatment in H2 at 700 oC, indicating the phase transition of Pr0.5Ba0.5MnO3- (mixture of cubic and 
hexagonal phases) to PrBaMn2O5+ (A-site layered perovskite) described in our previous study.[5] 
The schematic drawing in Figure 4-1b provides a better understanding of the phase transition for 
anode operation in H2. The PrBaMn2O5+ (PBMO) has a layered crystal structure, wherein a MnO2 
square sublattice is sandwiched between PrOx and BaO rock salt layers. Under reducing conditions, 
oxygen atoms in the PrOx plane can be partially or entirely removed, forming many oxygen vacant 
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sites in PBMO. The XRD patterns of the anode with various Ni-M catalysts (M = Ni, Co, Cu, and 
Fe) are shown in Fig. 1c. For the peaks of the alloy catalyst, there appears to be small shifts toward 
lower angles from the main peak of Ni at around 2 = 44o. The peak shift to lower angle indicates 
an increase in the lattice volume, originating from the dissolution of Co, Cu, and Fe in Ni lattice. 
The peaks of the samples were therefore ascribed to the formation of the Ni-M catalysts (M = Ni, 
Co, Cu, and Fe) without undesired reactions between catalysts and the PBMO anode. 
 
 
Figure 4-1  (a) X-ray diffraction patterns (XRD) patterns of Pr0.5Ba0.5MnO3- and 
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PrBaMn2O5+ (PBMO). (b) Schematic drawings of phase transition that occurs under reducing 
condition. (c) XRD patterns of the anode with various Ni-based alloy catalysts. 
 
 Scanning electron microscopy images 
Scanning electron microscopy (SEM) was performed to investigate the microstructural change of 
the anode depending on the addition of various Ni-M catalysts (M = Ni, Co, Cu, and Fe). Figure 
4-2a shows the empty porous YSZ scaffold prior to the addition of the PBMO anode, showing a 
sponge-like structure with 1-5 m pore size. The presence of the infiltrated PBMO layer on the 
porous YSZ scaffold is confirmed in Figure 4-2b. The well interconnected PBMO nano particles 
(avg. 50 nm) cover the entire surface of the porous YSZ scaffold. As shown in Figure 4-2 c-f, the 
infiltrated Ni-M (M = Ni, Co, Cu, and Fe) particles are deposited on the PBMO backbone as nano-
scale particles without any significant microstructural changes. The unique microstructure of the 
samples, provided by the infiltration method, provides extended electrochemically active sites with 
sufficient interconnections between the particles to transfer electrons and adequate porosity for 




Figure 4-2  Scanning electron microscopy images of (a) YSZ scaffold, (b) PrBaMn2O5+ –YSZ 
without catalyst, and PrBaMn2O5+ –YSZ with various catalysts of (c) Ni, (d) Ni-Cu, (e) Ni-Co, 
and (f) Ni-Fe after heat treatment in H2 at 700 oC for 1 h, respectively.  
 
4.3.2.  Electrochemical properties of the single cell 
 Area specific resistance under H2 fuel 
Figure 4-3a shows Nyquist plots of the single cell measured at 700 oC with humidified H2 fuel 
under open circuit voltage (OCV) using impedance spectroscopy. In the Nyquist plots, the high 
frequency offset mainly originates from the electrolyte ohmic resistance (R ). The difference 
between the high and low frequency intercepts with the real axis indicates the polarization 
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resistance (Rp).[21,26] The ohmic resistances of the cells are close to 0.27  cm2 at 700 oC, in 
reasonable agreement with the expected values considering the thickness of the YSZ electrolyte (~ 
55 m). The polarization resistance (Rp) values of the single cell without a catalyst reach 0.203, 
0.315, and 0.613  cm2 at 700, 650, and 600 oC, respectively. For a direct comparison, the Rp 
values of the infiltrated anodes reported in recent studies are summarized in Table 4-1: the Rp values 
of Ce-Pd, La0.3Sr0.7TiO3+Ce-Pd, La0.8Sr0.2Sc0.1Mn0.9O3, and La0.8Sr0.2Cr0.5Mn0.5O3 are 0.3, 0.7, 1.0, 
and 1.2  cm2 at 700 oC, respectively.[27-32]  
 
Table 4-1  Summary of the electrochemical performance of the infiltrated electrodes on YSZ 
electrolyte reported in the recent literature using humidified H2 fuel 










GBSCF[a] PBMO  55 m 0.20 0.53 700 oC 
This 
study 
GBSCF PBMO +Ni  55 m 0.11 0.77 700 oC 
GBSCF PBMO +Ni-Co  55 m 0.14 0.67 700 oC 
GBSCF PBMO +Ni-Cu  55 m 0.12 0.75 700 oC 
GBSCF PBMO +Ni-Fe  55 m 0.10 0.81 700 oC 
LSF[b] LSSM[c] 85 m ~1.0 0.21 700 oC [27] 
LSF Ce-Pd 50 m 0.3 0.58 700 oC [28] 
LSF LSCM[d] 60 m 1.2 0.11 700 oC [29] 
LSF YST[e] +Ce-Pd 85 m 1.7 0.15 700 oC [30] 
LSF YSTF[f] +Ce-Pd 85 m 1.25 0.18 700 oC [30] 
LSCF[g] 
+GDC[h] 
LST[i]  +LDC[j] 300 m 2.25 0.08 800 oC [31] 
LSF LST +Ce-Pd 60 m 0.7 0.4 700 oC [32] 
[a] GdBa0.5Sr0.5CoFeO5 (GBSCF). [b] La0.8Sr0.2FeO3 (LSF). [c] La0.8Sr0.2Sc0.1Mn0.9O3 (LSSM). 
[d] La0.8Sr0.2Cr0.5Mn0.5O3 (LSCM). [e] Y0.008Sr0.88TiO3 (YST). [f] Y0.008Sr0.92Ti0.8Fe0.2O3 (YSTF). 
[g] La0.6Sr0.4Co0.2Fe0.7O3 (LSCF). [h] Gd-doped ceria (GDC). [i] La0.4Sr0.6TiO3 (LST).  
[j] La-doped ceria (LDC). 
 
The anodic loss for the PBMO infiltrated YSZ was approximately 0.19  cm2, considering the 
cathodic losses of GBSCF (0.01  cm2) at this temperature.[21] This demonstrates that the 
infiltration method could reduce the anodic loss of PBMO without any catalyst to the level of Ce-
Pd. Furthermore, the application of Ni-alloy catalysts reduces the anodic losses by up to 53% 
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relative to those of infiltrated PBMO, e.g., 0.09, 0.10, 0.11 and 0.13  cm2 for Ni-Fe, Ni, Ni-Cu, 
and Ni-Co catalyst, respectively.  
 
Table 4-2  Activation energy of the polarization resistance for the single cell using PBMO 
anode with various Ni-M catalysts to H2 fuel oxidation reaction 
Compound Ea (kJ mol-1) 
PBMO 89.82 
PBMO + Ni 44.07 
PBMO + Ni-Co 66.84 
PBMO + Ni-Cu 65.84 
PBMO + Ni-Fe 58.00 
 
Figure 4-3b shows an Arrhenius plot of Rp for the single cell using the PBMO anode without / with 
Ni-M alloy catalysts under a humidified H2 atmosphere in a temperature range of 500-700 oC. The 
calculated activation energy of Rp without catalyst is around 89.82 kJ mol-1 while those with the 
Ni, Ni-Co, Ni-Cu, and Ni-Fe are 44.07, 66.84, 65.84, and 58.00 kJ mol-1, respectively, as presented 
in Table 2. This indicates that the presence of catalysts, especially with Ni and Ni-Fe, provides 
further catalytic activity for hydrogen dissociation in the anode.  
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Figure 4-3  (a) Nyquist plots and (b) Arrhenius plots of the polarization resistance for the single 
cell (GBSCF–YSZ/YSZ/YSZ–PBM) using humidified H2 as fuel: without catalyst and with Ni, 
Ni-Cu, Ni-Co, and Ni-Fe catalysts. 
 
 Single cell test under H2 fuel 
Figure 4-4a presents the power density and voltage as a function of current density for single cells 
of PBMO anode with Ni-M catalysts (M = Ni, Co, Cu, and Fe) at 700 oC, in comparison with the 
power density of PBMO without catalyst in humidified H2. The OCV of the single cell is near the 
theoretical Nernst potential at the temperature range of 550-700 oC. The maximum power density 
was 0.53 W cm-2 at 700 oC for the single cell using PBMO anode without catalyst. The peak power 
density at 700 oC was 0.77, 0.67, 0.75, and 0.81 W cm-2 for the single cell with Ni, Ni-Co, Ni-Cu, 
and Ni-Fe, respectively. In short, the peak power density increases in the order of ‘w/o cat.’ < Ni-
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Co < Ni-Cu < Ni < Ni-Fe, while the activation energy for hydrogen dissociation increases in the 
order of Ni < Ni-Fe < Ni-Cu < Ni-Co < ‘w/o cat.’. The trend demonstrates that the activation energy 
for hydrogen dissociation is one of the critical factors for the electrochemical performance of fuel 
cells. The maximum power density comparison of the infiltrated anode is presented in Table 4-1 as 
specific values and in Figure 4-4c as bar-graph, showing that the material systems in this study 
were favorable for the electrochemical reaction with hydrogen fuel. 
 




Figure 4-4  I-V curves and corresponding power density curves at 700 oC using humidified (a) 
H2 and (b) C3H8 as fuel for the PrBaMn2O5+–YSZ single cell without and with Ni-M alloy 
catalysts (M=Ni, Co, Cu, and Fe). Comparison of maximum power density of various material 
systems reported in recent studies under (c) hydrogen25-28, 30 and (d) hydrocarbons 5, 13, 25, 31, 32. 
 
I-V curves and corresponding power density curves are exhibited in Figure 4-4b for the single cell 
without and with Ni-M catalysts (M = Ni, Co, Cu, and Fe) under wet C3H8 (3% H2O) as a fuel. The 
power densities have higher values in the order of ‘w/o cat.’ < Ni-Cu < Ni-Co < Ni < Ni-Fe, 
implying that the addition of Ni-M catalysts enhances the catalytic activity for oxidation of 
hydrocarbons. The best performance is observed when Ni-Fe is added into the PBMO anode with 
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a value of 0.30 W cm-2, being more than three times higher than the value of the bare PBMO anode 
(0.09 W cm-2) at 700 oC under C3H8 fuel. The maximum power densities of a single cell under 
hydrocarbon fuels are summarized in Table 4-3 in comparison with the results reported in recent 
studies.[5,13,27,31,33,34] For a direct comparison, the values in Table 3 are arranged as a bar graph in 
Figure 4-4d, demonstrating that the single cell based on PBMO anode with Ni-M alloy catalyst (M 
= Ni, Co, Cu, and Fe) is one of the most compatible material systems in terms of direct hydrocarbon 
utilization for intermediate temperature SOFCs (IT-SOFCs). 
 
Table 4-3  Summary of the electrochemical performance of single cells reported in the recent 
literature under humidified hydrocarbon fuel 






GBSCF[a] PBMO[b] YSZ[c] C3H8 0.09 700 oC 
This 
study 
GBSCF PBMO +Ni YSZ C3H8 0.28 700 oC 
GBSCF PBMO +Ni-Co YSZ C3H8 0.26 700 oC 
GBSCF PBMO +Ni-Cu YSZ C3H8 0.20 700 oC 
GBSCF PBMO +Ni-Fe YSZ C3H8 0.30 700 oC 
NBSCF[d]-
GDC[e] 
PBMO +Co-Fe LSGM[f] C3H8 0.10 700 oC [5] 
LSF[g] La0.8Sr0.2Sc0.1Mn0.9O3 YSZ CH4 0.02 700 oC [27] 
LSCF[h]-
GDC 
La0.4Sr0.6TiO3 +LDC[[i]  YSZ CH4 0.01 800 oC [31] 
LSF-GDC LSCM55[j] +Pd YSZ CH4 0.15 700 oC [13] 
LSCF-GDC LSCM82[k]-GDC-Ni GDC C3H8 0.13 750 oC [33] 
LSCF-GDC Ni-GDC  GDC C3H8 0.10 750 oC [33] 
LSCF-GDC LSCM-GDC  GDC CH4 0.05 750 oC [33] 
LSM[l]-YSZ YSZ -Cu-Ce YSZ C3H8 0.05 700 oC [34] 
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[a] GdBa0.5Sr0.5CoFeO5 (GBSCF). [b] PrBaMn2O5 (PBMO). [c] Yttrium stabilized zirconia (YSZ).  
[d] NdBa0.5Sr0.5Co1.5Fe0.5O5 (NBSCF). [e] Gd-doped ceria (GDC). [f] La0.9Sr0.1Ga0.8Mg0.2O3 (LSGM). 
[g] La0.8Sr0.2FeO3 (LSF). [h] La0.6Sr0.4Co0.2Fe0.8O3 (LSCF). [i] La-doped ceria (LDC).  




4.3.3.  Carbon tolerance test 




Figure 4-5  Scanning electron microscopy images of PrBaMn2O5+ –YSZ with various catalysts 
of (a) Ni, (b) Ni-Co, (c) Ni-Cu, and (d) Ni-Fe after heat treatment under wet (inset) and dry 
C3H8, respectively. Schematic illustrations of the microstructure of the yellow inset box in the 
SEM image are presented. 
 
To evaluate the tolerance of the Ni and Ni-M alloy catalysts (M = Co, Cu, and Fe) against carbon 
deposition, the prepared cells were exposed to wet and dry C3H8 at 700 oC for 8h. Figure 4-5 a-d 
present the microstructure of the anode with Ni, Ni-Co, Ni-Cu, and Ni-Fe, respectively, after a 
carbon deposition test under dry C3H8 and under wet C3H8 (provided in the inset). The Ni infiltrated 
PBMO anode shows a microstructure with an excessive amount of carbon fiber, as presented in 
Figure 4-5a. The Ni-Co infiltrated PBMO anode still provides carbon fiber on the entire surface of 
the anode, although the amount is less than that obtained with the Ni catalyst. Interestingly, few or 
no carbon fibers are observed in the anode with the Ni-Cu and Ni-Fe catalysts, indicating excellent 
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tolerance against carbon deposition. Considering the results in the present study, Ni-Fe alloy is 
therefore the best catalyst for direct hydrocarbon utilization in SOFCs with high catalytic activity 
for hydrocarbon oxidation and excellent tolerance toward carbon deposition. 
 




Figure 4-6  Optimized (111) surfaces with various 3-fold hollow sites labeled (a) Ni, (b) Ni-M 
alloys (M= Co, Cu, and Fe). (c) DFT calculations for maximum binding energy of O, H, and C 
species on the surface of Ni and Ni-M alloys (M= Co, Cu, and Fe). 
 
To obtain further insight into the trend of catalytic activity and carbon tolerance, density functional 
theory (DFT) calculations were carried out to examine the absorption of O, H, and C species on 
the candidates of the catalyst. Since the overall reactions in the anode consist of a number of 
elementary reactions involving atomic species such as O, H, and C, the binding energy of these 
atomic species is relevant to the catalytic performance and carbon coking of the anode. Thus the 
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binding strengths of atomic O, H and C on the candidates of the catalyst are considered as a key 
descriptor for the electrochemical performance and the carbon coking tolerance.  
The Ni-M (1 1 1), i.e. M= Ni, Co, Cu, and Fe, surfaces were modeled as four-layer slabs, with the 
lower two layers fixed at their equilibrium bulk phase positions (calculated lattice constant = 3.523 
Å), while the upper two layers were allowed to fully relax as shown in Figure 4-6 a and b. The 
binding energy (BE) is defined as  
 
BE = Etotal[slab]+Etotal[adsorbate]−Etotal[slab+adsorbate]       Equation 4-1 
 
, where Etotal is the total energy of the system in a supercell, and Etotal[adsorbate] is the reference 
value of gas-phase adsorbate. 
In Figure 4-6c, the binding strengths of H and O species show higher level on Ni and Ni-Fe than 
others, indicating the beneficial effect of Ni and Ni-Fe on the catalytic performance. This trend 
corresponds to the ASR results which present higher catalytic activity for hydrogen dissociation in 
the order of Ni-Co≈Ni-Cu < Ni-Fe < Ni, as shown in Figure 4-3a. On the other hand, the strong 
binding strength of C species causes critical carbon deposition on the active sites, as in the case of 
Ni, subsequently resulting in deactivation. The Ni alloy catalysts such as Ni-Co, Ni-Cu, and Ni-Fe, 
however, show lower binding energy of C species than Ni, inhibiting C adsorption as demonstrated 
in Figure 4-5. These results of DFT calculations are in good agreement with the experimental 
results of this study. 
 
4.4.  Conclusions 
The use of Ni-M catalysts (M = Ni, Co, Cu, and Fe) on PBMO anode exhibits favorable effects for 
the catalytic activity under hydrogen (H2) and hydrocarbon (C3H8) fuel. The best electrochemical 
performance was obtained with Ni and with Ni-Fe catalysts, both of which showed high catalytic 
activity for hydrogen and C3H8 oxidation reactions. However, the Ni catalyst formed carbon fiber 
under the operating conditions using hydrocarbon fuel (dry C3H8), while the Ni-Fe catalyst 
exhibited excellent tolerance to carbon deposition, as confirmed by DFT calculations. Taking into 
consideration both the catalytic activity and the tolerance to carbon deposition, the Ni-Fe catalyst 




The supporting information can be provided on website.  
S. Kim et al., Tailoring Ni-based catalyst by alloying with transition metals (M = Ni, Co, Cu, and 
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Fe) for direct hydrocarbon utilization of energy conversion devices, Electrochimica Acta, 225, 399-
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Chapter 5.  Energy Storage: Strategy for Enhancing Interfacial 
Effect of Bifunctional Electrocatalyst: Infiltration of Cobalt Nano 
Oxide on Perovskite 
 
 
This Chapter has been published. 
Reproduced with permission from S. Kim et al., Strategy for Enhancing Interfacial Effect of 
Bifunctional Electrocatalyst: Infiltration of Cobalt Nano Oxide on Perovskite, Advanced Materials 
Interfaces, 5, 12, 1800123 (2018). Wiley. DOI: 10.1002/admi.201800123 
 
 
5.1.  Introduction 
Along with the transition from fossil fuels to clean and sustainable energy sources, there has been 
an increasing demand for renewable energy devices which offer high energy density, low cost, and 
sustainable development.[1-3] One of the challenges in the fabrication of such devices is the 
development of highly active electro-catalysts for oxygen reduction (ORR) and oxygen evolution 
reactions (OER) for efficient production and storage of electrical energy through electrochemical 
reactions. [4-9] 
For the efficient ORR and OER reactions in alkaline solution, precious metals, i.e., platinum, 
iridium oxide, and ruthenium oxide, have been typically used as electro-catalyst due to their 
excellent electrochemical activity. However, their practical application in metal-air battery has been 
fatally hampered by several disadvantages such as high cost, limited selection of materials, lack of 
bifunctional catalytic activity, and deficiency of stability.[2-7] 
Alternatively, transition-metal oxides have received much interest in terms of promising electro-
catalytic activity and operational stability in alkaline solutions. In particular, the cobalt-containing 
oxides such as Co3O4, Nd1-xSrxCoO3- (NSC), BaxSr1-xCoyFe1-yO3-, LaxSr1-xCoO3- and other 
perovskites have been suggested as promising electro-catalysts for ORR and OER.[3,10-13] Such 
electro-catalysts are, however, in the early development stage for excellent bifunctional catalytic 
activity because the performance is not sufficient in comparison with the other catalyst being 
specialized in ORR or OER.  
To achieve effective bifunctional activity, many researchers have reported hybrid catalysts 
consisting of more than two materials, e.g. Co3O4 nanocrystals grown on graphene, Co3O4–
graphene composite, flowerlike Co3O4 microspheres loaded with Cu nanoparticle, and core-corona 
structure catalyst consisting of LaNiO3 and Pt/C.[5,6,8,10,14–16] The hybrid catalysts (A@B) are known 
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to possess improved ORR/OER activity due to the “synergistic effect”, compared to the respective 
mono-present catalysts (A, B) and/or their mixtures (A+B).[5,10,17]  
Strain and ligand effect have been proposed as the rationale of synergistic effect (schematic 
illustration is shown in Figure S1) in relation with the electronic and structural reconstruction at 
the interface between dissimilar oxides.[4,5,18–20] For the strain effect, it is originated from the lattice 
strain at the interface of each material. Early studies have confirmed that these strains (compressive 
and tensile) at the interface can induce the changes in the electron population of the d-orbital of 
transition metals, resulting in the change of catalytic properties involving adsorption strength of 
oxygen.[18-20] The ligand effect refers to the electron transfer induced by the difference in the 
electronic configuration between two adjacent materials. The perturbation in the electronic 
structure by the ligand effect can alter the binding strength between oxygen species and metal 
oxides at the surface of the electrocatalyst. This modified binding strength affects the catalytic 
activity of the electrocatalyst for the oxygen-related reactions, i.e., oxygen reduction reaction (ORR) 
and oxygen evolution reaction (OER).[4,21-23]  
In these regards, we focused on a new approach to control the catalytic activity by intentionally 
applying the strain and ligand effect through infiltration technique. Infiltration can be easily applied 
to the production of hybrid catalysts due to conceptual simplicity and facile industrial 
applicability.[24-27] It can be an easy way to modify the surface morphology by changing the 
wettability of the precursor solution. Furthermore, this process enables fabrication of nano-sized 
particles on the substrates and optimization of electrochemical catalytic behavior.[24,28,29]  
Herein, we report an effective interfacial strategy by infiltration of Co3O4 on NSC perovskite. With 
the infiltration, it was identified that the interfacial effect can be maximized simply by optimizing 
the wettability and Co3O4 concentration. Consequently, the tuned interfacial effect by the new 
interfacial strategy makes the optimized catalyst (Opt-NSC@Co3O4) have the significantly 
improved electrochemical catalytic activity.  
 
5.2.  Experimental 
 
5.2.1.  Material Synthesis 
 Nd0.5Sr0.5CoO3- (NSC) perovskite was prepared by the Pechini method. Stoichiometric amounts 
of Nd(NO3)3∙6H2O (Aldrich, 99.9%), Sr(NO3)2 (Aldrich, 99+%), Co(NO3)2∙6H2O (Aldrich, 98+%), 
citric acid, and ethylene glycol were dissolved in distilled water under continuous heating and 
stirring. After a viscous resin was formed, the mixture was heated to around 250 oC. The resultants 
were pre-calcined at 600 oC for 4 h and then annealed in air at 1000 oC for 4h. The fine powder was 
obtained by using super milling (Supermill PM 100, Retsch). The aqueous precursor solution was 
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prepared by dissolving the quantitative amount of Co(NO3)2∙6H2O in distilled water and infiltrated 
in NSC powder until the loading amount reached 10 wt.%. For the developed infiltration technique, 
two kinds of precursor solution were prepared by dissolving the quantitative amount of 
Co(NO3)2∙6H2O in distilled water and ethanol. Co3O4 nanoparticles deposited NSC catalyst was 
obtained by infiltration of nitrate salts in NSC powder until the loading amount reached 5, 10, 15, 
20, and 25 wt. %, respectively. The wt. % was calculated with the followed Equation 5-1. 
 
𝐰𝐭. % =  
𝒘𝑵𝑺𝑪@𝑪𝒐𝟑𝑶𝟒−𝒘𝑵𝑺𝑪
𝒘𝑵𝑺𝑪
 × 𝟏𝟎𝟎      Equation 5-1   
 
, where as 𝑤𝑁𝑆𝐶   is weight of the bare NSC prior to infiltration and 𝑤𝑁𝑆𝐶@𝐶𝑜3𝑂4 is weight of 
the NSC@Co3O4 after heat treatment. The abbreviations used to identify the various samples are 
listed in Table 5-1. 
 
Table 5-1  Abbreviation of chemical compositions 
Chemical composition Abbreviations 
Nd0.5Sr0.5CoO3- NSC 
Co3O4 deposited NSC 
(using water based solution) 
W-NSC@Co3O4 
Co3O4 deposited NSC 
(using ethanol based solution) 
E-NSC@Co3O4 
Optimized Co3O4 deposited NSC Opt-NSC@Co3O4 a) 
Mixture of NSC and Co3O4 NSC+Co3O4 
a) Opt-NSC@Co3O4 was obtained by optimizing the solvent of precursor and 
loading amount of Co3O4. 
 
5.2.2.  Characterization  
For the structural analysis, X-ray diffraction (XRD) (Bruker D8 Advance) experiments were 
performed in a range of 20o < 2 < 60o. The microstructures of NSC and Co3O4 deposited NSC 
were evaluated using scanning electron microscopy (SEM) (Nova SEM). The transmission electron 
microscopy (TEM) images were obtained using a high resolution-TEM (JEOL, JEM-2100F). The 
surface area of the prepared samples was quantified by using Braunauer-Emmett-Teller (BET) 
isotherms with Belsorp-mini. The X-ray photoelectron spectroscopy (XPS) spectra were obtained 
on ESCALAB 250XI from Thermo Fisher Scientific with a monochromated Al-Kα (ultraviolet 
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He1, He2) X-ray source. The oxygen contents of samples were determined by iodometric titration. 
Approximately 0.03 g of sample was dissolved in 4 M HCl with 1.5 g KI under nitrogen atmosphere. 
Then, the solution was titrated by sodium thiosulfate. 
 
5.2.3.  Rotating Ring-Disk Electrode (RRDE)  
The catalyst, Co3O4 infiltrated NSC, was dispersed with 0.45 ml of ethanol, 0.45 ml of isopropyl 
alcohol, and 0.1 ml of 5 wt. % Nafion solution (Aldrich, 274704). A total of 5 L well-dispersed 
catalyst ink was applied onto the pre-polished glassy carbon (GC) disk electrode (disk area = 
0.1256 cm2). The electrochemical tests were carried out using a computer controlled potentiostat 
(Biologic VMP3) with an RRDE-3A rotating disk electrode system. A platinum wire was used as 
the counter-electrode and an Hg/HgO (1 M NaOH filled) electrode as the reference electrode. An 
aqueous solution of 0.1M KOH was used as the electrolyte and saturated with oxygen. +0.4 V was 
applied to the ring electrode to estimate the amount of peroxide generated from the disk electrode. 
The values of potential were converted from versus Hg/HgO to versus the reversible hydrogen 
electrode (RHE) by: Hg/HgO+0.89 V = RHE. For the correction, the potential difference between 
Hg/HgO and RHE was measured in a cell where platinum wires were used as the working and 
counter electrodes in a H2-saturated aqueous electrolyte of 0.1 M KOH with Hg/ HgO as the 
reference electrodes. The open circuit potential was obtained at -0.89 V vs. Hg/HgO from a CV at 
1 mV s-1 (Figure S4). The number of electrons transferred (n) and peroxide yields (%) were 
calculated by the followed Equation 5-2 and Equation 5-3. 
 
𝒏 = 𝟒 ×  
𝑰𝒅
𝑰𝒅+𝑰𝒓/𝑵
                    Equation 5-2   
 
% 𝑯𝑶𝟐
− = 𝟐𝟎𝟎 ×  
𝑰𝒓/𝑵
𝑰𝒅+ 𝑰𝒓/𝑵
           Equation 5-3   
 
where Id is the disk current, Ir is the ring current and N is the current collection efficiency of the Pt 
ring. N was experimentally determined to be 0.41 from the reduction of K3Fe[CN]6. 
 
5.2.4.  Hybrid Li-air Battery 
 A lithium foil with a thickness of 0.2 mm was obtained from Honjo Metal, and disks with a 
diameter of 1 cm were cut for use as the anode. 1 M lithium hexafluorophosphate (LiPF6, Sigma-
Aldrich Co.) in tetraethylene glycol dimethyl ether (TEGDME, Sigma-Aldrich Co.) was used as 
an organic liquid electrolyte, and 0.1 M lithium hydroxide (LiOH, Sigma-Aldrich Co.) in pure 
water was used as the aqueous liquid electrolyte. The anode and cathode were separated by a 
Li1+x+yTi2-xAlxP3-ySiyO12 (0.15 mm thickness, OHARA Inc., Japan) solid Li-ion conducting ceramic 
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glass. The air electrodes were prepared by spraying the catalyst ink made with the prepared 
catalysts, carbon (catalyst:carbon = 4:1 wt. ratio) and PVdF-HFP binder (Sigma-Aldrich Co.) onto 
the gas diffusion layer (Toray TGP-H-090). The catalyst loading density and binder content in the 
air electrode were 1 mg cm
−2 (air electrode area = 0.78 cm2) and 20 wt.%, respectively. Thus, the 
current density could be easily normalized with the loading density of the catalyst (0.8 ± 0.01 mg 
cm
−2). Details of the tested hybrid Li-air battery are available in the supplementary information. 
 
5.3.  Results and Discussions 




Figure 5-1  The preparation processes for the W-NSC@Co3O4 and E-NSC@Co3O4 by the 
infiltration. Contact angle images and scanning electron microscopy (SEM) images were 
included. 
 
Wettability is one of the significant factors of the morphology which can be easily modified in 
infiltration technique by applying different wettability precursor solvents.[30] In this regard, the 
samples of NSC, W-NSC@Co3O4, and E-NSC@Co3O4 were prepared as shown in Figure 5-1 with 
the different wettability of solution. The wettability was checked by the contact angle by placing 3 
l droplet of precursor solution on the polished NSC pellet. The contact angle of the water-based 
solution (52.7o) is higher than that of the ethanol-based solution (15.8o), which indicates poor 
wettability of the water-based precursor solution. W-NSC@Co3O4 (water-based solution) and E-
NSC@Co3O4 (ethanol-based solution) were prepared through the infiltration of 10 wt. % Co3O4. 
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Scanning electron microscopy (SEM) images of bare NSC, W-NSC@Co3O4, and E-NSC@Co3O4 
demonstrate the morphological change of catalyst, depending on the wettability of precursor 
solutions. Bare NSC particles prior to the infiltration have a smooth surface, while W-NSC@Co3O4 
and E-NSC@Co3O4 exhibit various degrees of rough surface from the formation of cobalt oxide 
nanoparticles on NSC. W-NSC@Co3O4 shows the irregular Co3O4 particles deposited on the 
surface of bare NSC with varying distribution. Likewise, E-NSC@Co3O4 exhibits regular small 
Co3O4 particles uniformly deposited on the overall NSC surface. These different morphologies also 
result in different surface area values of 5.36, 17.26, and 6.23 m2 g-1 for NSC, W-NSC@Co3O4, 
and E-NSC@Co3O4, respectively (Table 5-2 and Figure S2).  
 
 
Figure 5-2  Polarization curves of NSC, W-NSC@Co3O4, and E-NSC@Co3O4 for (a) OER and 
(b) ORR in O2-saturated 0.1 M KOH at a rotation of 1600 rpm and a scan rate of 0.01 V s-1. For 
the polarization curves of OER, the voltage was corrected for IR losses as measured by 
electrochemical impedance spectroscopy at open circuit conditions. (c-e) Scanning transmission 
electron microscopy (STEM) images and (f-h) following schematics for NSC, W-NSC@Co3O4, 
and E-NSC@Co3O4. 
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In order to determine their OER and ORR activities, RRDE tests were conducted for all samples. 
As shown in Figure 5-2 a and b, limiting current densities for OER and ORR were improved with 
the infiltration and the higher wettability of precursor solution (NSC < W-NSC@Co3O4 < E-
NSC@Co3O4). Interestingly, E-NSC@Co3O4 presents the best catalytic activity, even though W-
NSC@Co3O4 has a higher surface area as confirmed by BET (Figure S2). Generally, the surface 
area of catalyst is known as a dominant factor in the catalytic activity since it is considered as a 
reactive site for ORR and OER. However, the interesting RRDE result contrasted with our common 
knowledge attests that the morphology of Co3O4 particle layer should also be considered critical in 
this NSC@Co3O4 system. Further understanding of the morphology effect on catalytic activity was 
offered by scanning transmission electron microscopy (STEM) images and schematics in Figure 
5-2 c-h. The bare NSC has a smooth surface composed only of NSC. After infiltration with same 
amount of Co3O4 on the bare NSC, W-NSC@Co3O4 (Figure 5-2d) has a thick Co3O4 layer (~ 126 
nm) compared with the thickness of Co3O4 layer (~ 37 nm) in E-NSC@Co3O4 (Figure 5-2e). As 
shown in the schematic illustration, W-NSC@Co3O4 (Figure 5-2g) involves the thick Co3O4 layer 
consisting of accumulated particles located along the NSC surface, while E-NSC@Co3O4 (Figure 
5-2h) have a thin Co3O4 layer with the uniformly distributed particle. As mentioned in above, the 
interfacial effect (strain effect and ligand effect) is appeared at the interface between two adjacent 
materials, leading to the synergistic catalytic activity for OER and ORR. Also, the interfacial effect 
is inversely related to the distance from interface to surface and is valid within a certain distance 
from interface.[31,32] In this regard, the schematic graphs exhibit the catalytic activity by the 
interfacial effect on surface based on the x position of schematic illustrations. 
 
Table 5-2  Surface area of samples quantified by BET isotherm 





In case of NSC (Figure 5-2f), the interfacial effect cannot be revealed due to the absence of the 
interface. Thus, NSC has the lowest catalytic activity among the samples. For W-NSC@Co3O4 
(Figure 5-2g), the accumulated particles can provide the high surface area, but the corresponding 
thick layer makes the interfacial effect on the surface feeble. On the other hands, the thin uniformly 
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distribution of Co3O4 particles of E-NSC@Co3O4 (Figure 5-2h) takes a sufficient advantage of the 
interfacial effect because the surface of Co3O4 layer is located within the effective distance. In short, 
the morphology maximizing the interfacial effect is advantageous to achieving high catalytic 
activity. 
 
5.3.2.  Optimization of the Co3O4 layer thickness: Control of the Co3O4 concentration 
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Figure 5-3  Polarization curves depending on the loading amount of Co3O4 for (a) OER and (b) 
ORR in O2-saturated 0.1 M KOH at a rotation rate of 1600 rpm and a scan rate of 0.01 V s-1. 
(c) ORR onset potential at a current density of -0.2 mA cm-2 with schematic illustration showing 
the relationship between Co3O4 layer thickness and the effective region of the interfacial effect. 
 
To realize the optimum morphology, the ethanol-based precursor solution was used because the 
thickness of Co3O4 layer in the W-NSC@Co3O4 can be easily controlled by the concentration of 
infiltrated Co3O4. As shown in the OER polarization curves (Figure 5-3a), the higher concentration 
of Co3O4 afforded the smaller overpotential at the same current density. On the contrast, in Figure 
5-3b, the limiting current density of the ORR increases until 20 wt. % Co3O4 and begins to decrease 
sharply at 25 wt. % Co3O4. The onset potential of ORR shows tendency like the limiting current 
density depending on the loading amount of Co3O4. In Figure 5-3c, the ORR onset potentials at a 
current density of -0.2 mA cm-2 were compared as a function of Co3O4 loading amounts and 
presented with the schematic illustration of Co3O4 concentration. The onset potential was observed 
at ~0.85 V vs. RHE for 15 and 20 wt. % Co3O4 and was significantly higher in comparison with 
NSC (0.61 V vs. RHE). The “inverted volcano” relationship between ORR performance and Co3O4 
concentration can be explained by the effective distance of the interfacial effect as mentioned above. 
Until 20 wt. % Co3O4, the surface area is located within the effective distance from the interface, 
thus the onset potential and limiting current density for ORR were enhanced. Also, the ORR 
performance was improved with increasing Co3O4 concentration. With 20 wt. % Co3O4, the 
NSC@Co3O4 take full advantage of the interfacial effect and therefore shows the best ORR 
performance. For the 25 wt. % Co3O4, the increase of thickness causes to the lack of the interfacial 
effect and consequently reduces the ORR performance in comparison with 15 and 20 wt. % Co3O4. 
Taking into consideration the performance for ORR and OER, we selected 20 wt. % Co3O4 on NSC 
as an optimized hybrid catalyst (Opt-NSC@Co3O4) for subsequent measurements. 
 
5.3.3.  Structural properties of Opt-NSC@Co3O4: TEM, XRD 
 
Transmission electron microscopy (TEM) and energy dispersive spectrometry (EDS) were 
performed to confirm the structural properties of Opt-NSC@Co3O4. Figure 5-4a shows a high-
angle annular dark-field (HAADF) TEM image, indicating the formation of Co3O4 nanoparticles 
on the entire surface of the NSC. The elemental distribution image in Figure 5-4b is divided into 
two regions of Co3O4 layer and NSC by an intensive distribution of Nd (orange color) and Co 
(green color). High-resolution TEM (HRTEM) image and the fast-Fourier transformed (FFT) 
patterns were presented in Figure 5-4 c-g. To observe the change of d-spacing, the bulk and 
interface regions of Co3O4 and NSC were selected and marked as box 1 to 4. For the Co3O4 layer, 
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the d-spacing of (311) in the bulk and interface regions were 0.2560 nm and 0.2471 nm, 
respectively (inset box 1 and 2), indicating that the compressive strain was applied to the Co3O4 
layer near the interface. For the underlying NSC, the d-spacing of (110) in interface region has a 
higher value (0.2840 nm) than that in bulk region (0.2672 nm), implying the presence of tensile 




Figure 5-4  (a) High-angle annular dark-field (HAADF) transmission electron microscope 
(TEM) images and (b) energy dispersive spectroscopy (EDS) elemental mapping of Nd (orange), 
Co (green), and O (blue), respectively, for Opt-NSC@Co3O4. (c) High resolution TEM (HRTEM) 
images of Opt-NSC@Co3O4 with (d-g) the fast-Fourier transformed (FFT) patterns  
 
 
5.3.4.  Electrochemical properties of Opt-NSC@Co3O4: XPS 
To analyze the surface electronic state of the oxygen and cobalt species of the Co3O4 and Opt-
NSC@Co3O4, X-ray photoelectron spectroscopy (XPS) was performed. The binding energy (BE) 
was calibrated with the C 1s peak at 284.8 eV. The deconvolution results of XPS are summarized 
in Table S2. As shown in Figure 5-5 a and b, O 1s spectra have three main peaks representing 
lattice oxygen (Olattice, yellow region), adsorbed oxygen species (Oad, pink region), and adsorbed 
H2O (H2Oad, blue region). Based on the fitted results, the relative contents (Oad/Olattice) of Opt-
NSC@Co3O4 and Co3O4 were 2.78 and 1.91, respectively, implying that Opt-NSC@Co3O4 had a 
higher concentration of Oad than Co3O4. The concentration of Oad is one of the significant factors 
in the catalytic activity for OER because Oad can easily be converted to O2.[33] In this regard, it has 
been confirmed that the excellent OER performance of Opt-NSC@Co3O4 is derived from the high 
concentration of Oad. From the changes of BE in the O1s specta, evidence of the ligand effect can 
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also be detected. The Olattice of Opt-NSC@Co3O4 (529.6 eV) has lower BE than those of Co3O4 
(530.1 eV). The lower BE of Opt-NSC@Co3O4 indicates a higher concentration of electron-rich 
oxygen species on the surface caused by electron-transfer due to ligand effect.[4] It is expected that 
the increase of electron-rich oxygen species will improve the electron donor ability associated with 
the enhanced catalytic activity for ORR.[34] According to the earlier studies, the concentration of 
Co3+ cations at the surface is an important factor for the OER because the cations has both donor 
and acceptor electronic properties for the O2 and electron-capturing, respectively.[35] The Co3+/Co2+ 
ratio calculated by the fitted Co 2p spectra (Figure 5-5 c and d) was 0.45 for Opt-NSC@Co3O4 and 
0.43 for Co3O4, and the higher ratio meaning more donor-acceptor reduction sites, suggests the 




Figure 5-5  (a-b) O 1s and (c-d) Co 2p X-ray photoelectron spectroscopy (XPS) spectra of Opt-
NSC@Co3O4 and Co3O4 with the Oad/Olattice and Co3+/Co2+ ratio.  
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Figure 5-6  Polarization curves of Opt-NSC@Co3O4 for (a) OER and (b) ORR in O2-saturated 
0.1M KOH at a rotation of 1600 rpm and a scan rate of 0.01 V s-1 in comparison with the other 
catalysts. (c) First discharge–charge curves of Pt/C and Opt-NSC@Co3O4 in 0.1M LiOH at 
various current density of 0.5 - 2.0 A g-1 and (d) cycling performance at a current density of 0.1 
A g-1 for Opt-NSC@Co3O4, Pt/C, and mixture of Pt/C and IrO2.  
 
To compare the catalytic activity of Opt-NSC@Co3O4 (20 wt.% Co3O4 infiltrated NSC), RRDE 
measurement was conducted in 0.1 M KOH. As shown in Figure 5-6a, Opt-NSC@ Co3O4 shows 
superior OER performance over other samples (~5 times vs. IrO2, ~2 times vs. NSC+Co3O4 
mixture). The mixture of NSC+ Co3O4 is also consist of NSC and Co3O4, but they are simply in 
physical contact, showing not much significant interactive interface each other. Thus, higher OER 
performance of Opt-NSC@Co3O4 can be expected than NSC+Co3O4 mixture due to the interfacial 
effect (i.e. strain effect and ligand effect). Likewise, Opt-NSC@Co3O4 shows exceptional 
performance for ORR as shown in Figure 5-6b. The ORR onset potential at a current density of -
0.2 mA cm-2 was observed at 0.85 V vs. RHE for Opt-NSC@Co3O4 and was more positive than 
NSC (0.61 V), commercial Co3O4 (0.61 V), and NSC+Co3O4 mixture (0.61 V). Furthermore, the 
limiting current density of Opt-NSC@Co3O4 is very similar to that of Pt/C and higher than those 
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of NSC, Co3O4, and NSC+Co3O4 mixture. As in OER, the improved ORR performance of Opt-
NSC@Co3O4 demonstrates that the interfacial effect is advantageous not only in improving OER 
but also ORR performance. Based on the polarization curves, the Tafel slopes of Opt-NSC@Co3O4 
were calculated as 118 mV/dec for OER and -85 mV/dec for ORR. These values are lower than 
those of NSC, Co3O4, and NSC+Co3O4, indicating the favorable kinetics for ORR and OER. 
According to the RRDE results, Opt-NSC@Co3O4 possess the remarkable catalytic activities for 
both ORR and OER, suggesting its feasibility as a bifunctional catalyst. 
To evaluate the electrochemical performance, discharge and charge profiles (Figure 5-6c) were 
recorded at high current densities of 0.5 to 2.0 A g-1 using a hybrid Li-air battery. The discharge 
voltage of Opt-NSC@Co3O4 is slightly lower than that of Pt/C and Pt/C+IrO2. In the charging 
process, however, Opt-NSC@Co3O4 presents lower overpotential, which means that the oxygen 
evolution kinetics outperform the benchmarked Pt/C and Pt/C+IrO2 catalysts. In Figure 5-6d, the 
cycling performances of Opt-NSC@Co3O4, Pt/C, and Pt/C+IrO2 were also measured at a constant 
current density of 0.1 A g-1 under ambient air. Opt-NSC@Co3O4 shows invariant cycling 
performance during 60 h with the discharge-charge voltage gap (V) of 0.5 V, while Pt/C exhibits 
severe degradation during 40 h with a substantial increase in the discharge-charge voltage gap from 
1.18 V to 1.64 V. These results confirm the superior catalytic activity and stability of Opt-
NSC@Co3O4 for both ORR and OER. 
 
5.4.  Conclusions 
We designed Co3O4 infiltrated NSC (NSC@Co3O4) as a bifunctional catalyst, implying the strain 
and ligand effect considered as the rationale of the synergistic effect on ORR and OER. The 
wettability of precursor solutions and the loading amount of Co3O4 were investigated 
systematically to find optimum condition of NSC@Co3O4. In TEM, the strain effect at Opt-
NSC@Co3O4 was recognized by the difference of the d-space values between the bulk and interface 
region of Co3O4 and NSC. Consequently, Opt-NSC@Co3O4 significantly improved bifunctional 
catalytic activities. Moreover, in hybrid Li-air battery, Opt-NSC@Co3O4 was found to be very 
promising bifunctional catalyst due to its superior performance and cost-effectiveness compared to 
Pt/C and IrO2. 
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Supporting Information 
The supporting information can be provided on website.  
S. Kim. et al., Strategy for Enhancing Interfacial Effect of Bifunctional Electrocatalyst: Infiltration 




[1]  B. Obama, Science 2017, 355, 126. 
[2]  Y. W. Ju, S. Yoo, C. Kim, S. Kim, I. Y. Jeon, J. Shin, J. B. Baek, G. Kim, Adv. Sci. 2016, 3, 1. 
[3]  J. Suntivich, K. J. May, H. A. Gasteiger, J. B. Goodenough, Y. Shao-Horn, Science 2011, 334, 
1383. 
[4]  S.-A. Park, E.-K. Lee, H. Song, Y.-T. Kim, Sci. Rep. 2015, 5, 13552. 
[5]  C. Sun, F. Li, C. Ma, Y. Wang, Y. Ren, W. Yang, Z. Ma, J. Li, Y. Chen, Y. Kim, L. Chen, J. Mater. 
Chem. A 2014, 2, 7188. 
[6]  D. U. Lee, H. W. Park, M. G. Park, V. Ismayilov, Z. Chen, ACS Appl. Mater. Interfaces 2015, 7, 
902. 
[7]  Z. Chen, A. Yu, D. Higgins, H. Li, H. Wang, Z. Chen, Nano Lett. 2012, 12, 1946. 
[8]  X. Zhao, F. Li, R. Wang, J. M. Seo, H. J. Choi, S. M. Jung, J. Mahmood, I. Y. Jeon, J. B. Baek, 
Adv. Funct. Mater. 2017, 27, 1. 
[9]  C. Zhang, M. Antonietti, T. P. Fellinger, Adv. Funct. Mater. 2014, 24, 7655. 
[10] Y. Liang, Y. Li, H. Wang, J. Zhou, J. Wang, T. Regier, H. Dai, Nat. Mater. 2011, 10, 780. 
[11] S. W. Kim, H. Kim, K. J. Yoon, J. H. Lee, B. K. Kim, W. Choi, J. H. Lee, J. Hong, J. Power 
Sources 2015, 280, 630. 
[12] W. T. Hong, M. Risch, K. A. Stoerzinger, A. Grimaud, J. Suntivich, Y. Shao-Horn, Energy 
Environ. Sci. 2015, 8, 1404. 
[13] Y. Bu, O. Gwon, G. Nam, H. Jang, S. Kim, Q. Zhong, J. Cho, G. Kim, ACS Nano 2017, 11, 
11594. 
[14] W. Yang, J. Salim, C. Ma, Z. Ma, C. Sun, J. Li, L. Chen, Y. Kim, Electrochem. Commun. 2013, 
28, 13.  
[15] W. F. Chen, K. Sasaki, C. Ma, A. I. Frenkel, N. Marinkovic, J. T. Muckerman, Y. Zhu, R. R. 
Adzic, Angew. Chem., Int. Ed. 2012, 51, 6131. 
[16] Y. Li, M. Gong, Y. Liang, J. Feng, J. E. Kim, H. Wang, G. Hong, B. Zhang, H. Dai, Nat. Commun. 
2013, 4, 1805. 
[17] H. Zhang, H. Qiao, H.-Y. Wang, N. Zhou, J. Chen, Y.-G. Tang, J. Li, C. Huang, Nanoscale 2014, 
6, 10235. 
PAGE 106 / 130 
[18] K. Wen, W. He, J. Mater. Chem. A 2015, 3, 20031.  
[19] J. Lu, S. Cheng, M. Liu, C. Jia, CrystEngComm 2016, 18, 8038. 
[20] D. Pesquera, G. Herranz, A. Barla, E. Pellegrin, F. Bondino, E. Magnano, F. Sánchez, J. 
Fontcuberta, Nat. Commun. 2012, 3, 1189. 
[21] P. Strasser, S. Koh, T. Anniyev, J. Greeley, K. More, C. Yu, Z. Liu, S. Kaya, D. Nordlund, H. 
Ogasawara, M. F. Toney, A. Nilsson, Nat. Chem. 2010, 2, 454. 
[22] Y. Zhu, W. Zhou, Z. Shao, small 2017, 13, 163793. 
[23] W. Tang, G. Henkelman, J. Chem. Phys. 2009, 130, 194504. 
[24] S. Kim, A. Jun, O. Kwon, J. Kim, S. Yoo, H. Y. Jeong, J. Shin, G. Kim, ChemSusChem 2015, 8, 
3153. 
[25] G. Kim, S. Lee, J. Y. Shin, G. Corre, J. T. S. Irvine, J. M. Vohs, R. J. Gorte, Electrochem. Solid-
State Lett. 2009, 12, B48. 
[26] S. Kim, S. Choi, A. Jun, J. Shin, G. Kim, J. Electrochem. Soc. 2014, 161, F1468. 
[27] Z. Liu, B. Liu, D. Ding, M. Liu, F. Chen, C. Xia, J. Power Sources 2013, 237, 243. 
[28] J. M. Vohs, R. J. Gorte, Adv. Mater. 2009, 21, 943. 
[29] A. Buyukaksoy, V. Petrovsky, F. Dogan, J. Electrochem. Soc. 2012, 159, F841. 
[30] X. Lou, Z. Liu, S. Wang, Y. Xiu, C. P. Wong, M. Liu, J. Power Sources 2010, 195, 419. 
[31] S. Xie, S. Choi, N. Lu, L. T. Roling, A. Herron, L. Zhang, J. Park, J. Wang, M. J. Kim, Z. Xie, 
M. Mavrikakis, Y. Xia, Nano Lett. 2014, 14, 3570. 
[32] C.-C. Yang, Z.-T. Liu, Y.-P. Lyu, C.-L. Lee, J. Electrochem. Soc. 2017, 164, H112. 
[33] J. Yu, J. Sunarso, Y. Zhu, X. Xu, R. Ran, W. Zhou, Z. Shao, Chem. - Eur. J. 2016, 1, 2719. 
[34] V. Dimitrov, T. Komatsu, R. Sato, J. Ceram. Soc. Jpn. 1999, 107, 21. 






PAGE 107 / 130 
Chapter 6.  Energy Conversion: Polypyrrole-assisted Co3O4 




This chapter will appear in Issue 01/2019 ChemElectroChem. 
Reproduced with permission from Kim. S. et al., Polypyrrole-assisted Co3O4 anchored carbon fiber 




6.1.  Introduction 
Together with increasing demand on energy consumption and concerns over global warming with 
an exhaustion of fossil fuels, pursuing clean and renewable energy sources is faced with the 
convoluted scientific challenges today.[1-4] Viable ways to meet these requirements are regarded as 
rechargeable metal-air batteries owing to their extremely high theoretical energy density compared 
to that of Li-ion batteries (~150 - 400 Wh kg-1).[2,5,6] Because these metal-air batteries are sharing 
the same electrochemical reaction mechanisms, well known as oxygen reduction reaction (ORR) 
and oxygen evolution reaction (OER), oxygen related electrochemical catalysts are intensively 
researched for the last decade. However, due to their complex nature of electrochemical reactions, 
the high overpotentials during ORR and OER are inevitable and usually have forced the use of 
noble metal-based catalysts (Pt/C, RuO2, and IrO2).[7,8]  
In this respect, carbon-based catalysts have been extensively studied as ORR catalysts. The great 
advances achieved by controlling carbon ring structures, doping heteroatom (B, N, S, Cl, Ni, Mn, 
Fe, Br, Sn, Sb, and I) on edge or lattice sites, and structuring chemical bond (e.g. Fe-N-C) have 
enabled the finding of novel ORR catalysts comparable to platinum.[9-15] In spite of these advances, 
it has been pointed out that it cannot be a key solution for metal-air batteries because carbon-based 
catalysts are usually suffering corrosions under an electrochemically oxidative condition, resulting 
in serious deteriorations of overall cell performances.[5] Meanwhile, transition metal oxides, such 
as spinel, pyrochlore, and perovskite oxides, have been suggested as potential candidates to noble 
metal-based OER catalysts.[6,16-20] Though their efficient OER activities, the sluggish ORR kinetics 
of these transition metal oxides necessitate proper support of carbon.[5,21-23] Thus many works have 
been carried out to fabricate bifunctional electrocatalysts by growing or mixing the oxide catalysts 
to carbon-based materials.[22,24-27]  
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From a different view, it is important to recognize the drawbacks of metal-air batteries are not only 
arisen from the activities and kinetics of catalysts. Most air electrodes studied so far have required 
proper polymer-binders (e.g., Nafion, PVdF, PTFE) to ensure good physical contacts between 
catalysts and electrodes (e.g., carbon paper, carbon felt, Ni foam).[6,8,28-30] Naturally, the use of 
polymer-binders introduces inevitable loss on the electrochemically active surface areas due to 
their electrically insulating properties.[31-33] Moreover, their hydrophobic properties prevent the air 
electrodes to be soaked from the aqueous electrolytes, restricting an access of the reactants (i.e., 
H2O) for ORR and OER process. Therefore, it is important to fabricate the air electrode without 
using polymer-binders while retaining physical stability under working condition for the efficient 
improvement of performances. 
Upon these backgrounds, we prepared the air electrode structured by Co oxide anchored on carbon 
fiber tissues of carbon felt with aiding of polypyrrole doped carbon (PPy/C) via a simple infiltration 
technique. Interestingly, a simple infiltration of the transition metal precursors on carbon felt 
followed by a sintering process lead to a strong anchoring of Co oxide on carbon fiber tissues of 
carbon felt without aiding of polymer binders. In consequence of adding PPy/C at the infiltration 
process, both of ORR and OER activities were significantly improved possibly providing the fast 
electron pathways. With these favorable properties, we have investigated the binder-free 
polypyrrole assisted Co oxide anchored carbon fiber (bf-PPy+Co3O4@CF) electrode that performs 
excellent bifunctional activities toward both ORR and OER with exceptionally high stability for 
seawater battery. 
 
6.2.  Experimental 
6.2.1.  Preparation of air electrodes 
The precursor solution was prepared by dissolving the quantitative amount of Co(NO3)2∙6H2O 
(Sigma Aldrich) and polypyrrole doped carbon (PPy/C, Sigma Aldrich) in ethanol and infiltrated 
into carbon felt. The resultant was heated at 400 oC for 4h in air.  
 
6.2.2.  Characterization and electrochemical measurements on a half cell 
The microstructure of the PPy/C assisted Co oxide anchored carbon felt was examined by scanning 
electron microscopy (SEM, Nova FE-SEM). The transmission electron microscopy (TEM) images 
were obtained using a High Resolution-TEM (JEOL, JEM-2100F). The crystal structures were 
characterized by using X-ray powder diffraction (XRD) (Rigaku diffractometer, Cu K radiation) 
with a scan rate of 0.5 o min-1. The X-ray photoelectron spectroscopy (XPS) spectra were obtained 
on ESCALAB 250XI (Thermo Fisher Scientific) with a monochromated Al-Kα (ultraviolet He1, 
He2) X-ray source. The surface area of the prepared samples was quantified with Belsorp-mini by 
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using Braunauer-Emmett-Teller (BET) isotherms. ORR and OER electrochemical tests were 
carried out under an oxygen saturated atmosphere three-electrode configuration as shown in Fig. 
S2. A platinum wire was used as counter-electrode and Hg/HgO (1 M NaOH filled) electrode as 
reference electrode. The air electrodes prepared by the infiltration process directly used as a 
working electrode. Titanium wire was used as a current collector of air electrode. Cyclic 
voltammetry tests were measured under ambient condition in a scan rate of 10 mV s-1 using a 
computer controlled Biologic VMP3. 
 
6.2.3.  Preparation and assembly of seawater batteries 
A cubic shaped sodium metal was obtained from Sigma-Aldrich, and disks with a diameter of 1.6 
cm were cut for use as the anode. 1 M NaCF3SO3 (Sigma-Aldrich) in tetraethylene glycol dimethyl 
ether (TEGDME, Sigma-Aldrich) was used as an organic liquid electrolyte, and seawater taken 
from Ulsan was used as the aqueous liquid electrolyte. The anode and cathode were separated by 
Na super ionic conductor (NASICON) ceramic electrolytes (Na1+xZr2SixP3−xO12, x = 2) fabricated 
according to the procedure described elsewhere. Na coin cell assembly process was performed in 
a glovebox under a high-purity Ar atmosphere where O2 and H2O concentrations were kept less 
than 1 ppm. Seawater battery testing kit was purchased from 4TOONE. All electrochemical 
measurements were conducted on a Biologic VMP3 at ambient air condition. 
 
6.3.  Results and Discussions 
 
A synthetic procedure of binder-free technique by the infiltration process is represented in Figure 
6-1. The infiltration technique facilitates the formation of nanoparticles on the carbon fiber with 
binder-free precursor solution consisting of metal nitrate and ethanol. The infiltration technique is 
composed of two simple steps; 1) infiltration of precursor solution into scaffold (e.g., carbon felt) 
and 2) heat treatment. This infiltration technique has a great advantage in terms of its simplicity 
compared to other techniques for the preparation of binder-free electrodes such as chemical vapor 
deposition, electrospinning, and hydrothermal synthesis.[21,34] Through the heat treatment, strong 
bonds between Co oxide and carbon fiber tissues of carbon felt are made without aiding of polymer 
binders. Besides, the infiltration techniques enable the lowering of sintering temperature of metal 
oxides facilitating the formation of nano-sized Co oxide particles on carbon fiber tissues. Addition 
of pyrrole doped carbon (PPy/C) into Co precursor solution followed by the infiltration and heat 
treatment organizes the binder-free pyrrole assisted Co oxide anchored carbon fiber (bf-
PPy+Co3O4@CF) on carbon felt structures.  
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Figure 6-1  Schematic illustration of the synthetic strategy for binder free catalyst via 
infiltration technique. 
 
For the structural analysis, X-ray diffraction (XRD) experiment was conducted in a range of 20o < 
2 < 60o. PPy/C and carbon felt were used as benchmarked materials to distinguish the peaks of 
bf-PPy+Co3O4@CF. As depicted in Figure S1, the XRD patterns of bf-PPy+Co3O4@CF 
demonstrate the formation of Co3O4 and contain the main chemical composition of carbon felt and 
the broad hump of PPy/C. These results indicate that Co3O4 were successfully anchored with PPy/C 
on the carbon fiber (CF) tissues of carbon felt. Further, we have investigated the physical and 
electrochemical stability of PPy/C from the heat treatment process and it has been confirmed that 
the heat treatment does not change physical and electrochemical properties (Figure S2). The 
microstructure of carbon fiber (CF) and bf-PPy+Co3O4@CF were observed by using a scanning 
electron micrography (SEM). As shown in Figure 6-2a and 2b, the anchored nanoparticles of Co3O4 
and PPy/C provide the rough surface on the flat surface of CF, leading to high surface area as 
confirmed by BET (Figure S3). Approximately 5 times increased surface area was obtained in bf-
PPy+Co3O4@CF, compared with bare carbon felt. The detailed surface morphology of bf-
PPy+Co3O4@CF was observed and identified by- high-resolution (HR) transmission electron 
microscopy (TEM) images and fast-Fourier transformed (FFT) patterns. As shown in the Figure 
6-2c, the surface of bf-PPy+Co3O4@CF was covered by the particles of different shapes such as 
spherical and rectangular. The enlarged HRTEM (Figure 6-2d and 2e) and corresponding FFT 
patterns (Figure 6-2f and 2g) confirm that the spherical- and rectangular- shaped particles are Co3O4 
and PPy/C, respectively.  
 




Figure 6-2  Scanning electron microscopy (SEM) images of carbon felt (a) before and (b) after 
infiltration of PPy+Co3O4. (c-e) High resolution (HR) transmission electron microscopy (TEM) 
images with (f-g) the fast-Fourier transformed (FFT) patterns of Co3O4 and PPy/C on CF. 
 
Cyclic voltammograms (CV) were measured in three-electrode configuration using a platinum wire 
as a counter electrode, Hg/HgO electrode as a reference electrode. The potential was referenced to 
the reversible hydrogen electrode (RHE) as obtained in the calibration profile (Figure S4). For 
working electrodes, the binder-free PPy+Co3O4@CF electrode was used and the binder included 
mixture of Pt/C and IrO2 catalyst loaded carbon felt (bi-Pt/C+IrO2) was also adopted for 
comparison (Figure 6-3). Figure 6-3a presents cathodic CV curves measured in 0.1 M KOH. 
Apparent cathodic peaks ascribed to typical oxygen reduction reaction (ORR) is observed in O2-
saturated condition for both bi-Pt/C+IrO2 and bf-PPy+Co3O4@CF. The bi-Pt/C+IrO2 presents low 
onset potential (~0.95 V vs. RHE) with the cathodic peak potential of 0.86 V toward ORR process, 
while bf-PPy+Co3O4@CF presents slightly high onset potential (~0.8 V) with the cathodic peak 
potential of 0.65 V. Cathodic currents, however, bf-PPy+Co3O4@CF shows better performance 
than that of bi-Pt/C+IrO2 with the sharply increasing CV peaks related to the electrochemical 
kinetics. For N2-saturated condition, on the other hand, no obvious response was observed for bf-
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PPy+Co3O4@CF, suggesting the absence of additional electrochemical reactions in the same 
potential range. To investigate the oxygen evolution reaction (OER) activities, the anodic CV 
curves were examined under 0.1 M KOH as presented in Figure 6-3b. The mixture of state-of-the-
art catalysts, bi-Pt/C+IrO2, shows the relatively high overpotential (~ 1.55 V) whereas bf-
PPy+Co3O4@CF shows the considerably low overpotential (~ 1.4 V vs. RHE). In addition, bf-
PPy+Co3O4@CF possesses exceptionally high current densities with the steep slope of CV curve 
along anodic reaction potential region signifying efficient and facile oxygen evolution kinetics than 
bi-Pt/C+IrO2 catalysts. Further cathodic and anodic CV profiles with various heat treatment 




Figure 6-3  (a) ORR, (b) OER region of cyclic voltammograms (CV) of bi-Pt/C+IrO2 and bf-
PPy+Co3O4@CF under O2 or N2 saturated 0.1 M KOH, (c) ORR, (d) OER region of CV 
recorded under O2 or N2 saturated seawater. 
 
Cathodic and anodic CV profiles for bf-PPy+Co3O4@CF were furtherly investigated under 
seawater where an actual working condition of seawater battery. Apparent oxygen reduction CV 
peaks are also observed under O2-saturated seawater for both bi-Pt/C+IrO2, and bf-
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PPy+Co3O4@CF (Figure 6-3c). With respect to the onset potential, bf-PPy+Co3O4@CF possesses 
slightly negative onset potential by 0.15 V in comparison to that of bi-Pt/C+IrO2 as similarly seen 
from the CV curves measured under 0.1 M KOH. Also, no obvious response in CV curve was 
observed under N2-saturated condition suggesting an absence of additional electrochemical 
reactions under seawater in the same potential range. The anodic CV scan of bf-PPy+Co3O4@CF 
measured under seawater is presented on Figure 6-3d. Because seawater contains various cations 
and anions, unexpected electrochemical reactions could occur during an oxidation reaction instead 
of OER. In previous studies, one of the possible reactions occurring was proposed as the chlorine 
gas evolution reaction (CER) for the oxidation condition, but whether the reaction is OER or CER 
is still up for debate. In this regard, we have indirectly identified the actual electrochemical reaction 
that occurs during the oxidation process in seawater. Because OER onset potential is closely 
affected by a pH of solution, the potential is shifted by 0.0592 × pH. As shown in Figure S7, the 
oxidation profiles were examined in a seawater (pH ~ 8.5) and an acidified seawater (pH ~ 5) 
titrated by HCl. Both oxidation curves were measured to be similar, indicating that the oxidation 
reaction in seawater is CER. With low onset potential and high current density along whole 
potential region, bf-PPy+Co3O4@CF possesses superior catalytic oxidation performance to the 
mixture of state-of-the-art catalyst, Pt/C+IrO2. 
Figure S8 shows a schematic illustration of a seawater battery, which consists of the bf-
PPy+Co3O4@CF structured carbon felt as the air electrode (cathode when discharge), a sodium 
metal anode, and Ag/AgCl reference electrode. The full cell test of a seawater battery is conducted 
in 3-electrode configuration using a reference electrode to exactly distinguish the applied voltages 
on the air electrode and Na anode during charging and discharging processes. The galvanostatic 
charge-discharge voltage profiles of seawater battery along different current densities (20 mA g-1 
to 80 mA g-1) are presented in Figure 6-4a. A mixture of the state-of-the-art catalyst, bi-Pt/C+IrO2, 
shows stable plateaus with small voltage gap for charge-discharge processes. While the bf-
PPy+Co3O4@CF shows slightly lower discharge voltage profiles in comparison to bi-Pt/C+IrO2, 
charging voltage profiles shows better value to that of bi-Pt/C+IrO2 confirming the efficient 
charging performance under the full cell configuration. To confirm the physical and 
electrochemical stabilities of the bf-PPy+Co3O4@CF electrode, the cyclic charge-discharge tests 
were performed during 300 hours under the state of continuous seawater flux (Figure 6-4b). Also, 
the cathode potential and the anode potential (denoted as Ecathode and Eanode) for binder included 
Pt/C+IrO2 and bf-PPy+Co3O4@CF electrode are shown in Figure 6-4c and 4d. Without using any 
binding materials (e.g., Nafion, PVdF, PTFE), bf-PPy+Co3O4@CF air electrode shows stable cyclic 
performance for 300 hours. A little degradation on the discharge performance is observed near of 
230 hours for bf-PPy+Co3O4@CF, however, it is due to the potential degradation of Na anode as 
observed in Figure 6-4d. Consequently, the bf-PPy+Co3O4@CF performs invariant cyclic 
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Figure 6-4  (a) First discharge-charge curves at the current density of 20, 40, 60, and 80 mA g-
1. (b) Cycling performance of seawater battery using bi-Pt/C+IrO2 and bf-PPy+Co3O4@CF at 
current density of 20 mA g-1. Cathode and anode potential during the cycling test for (c) bi-
Pt/C+IrO2 and (d) bf-PPy+Co3O4@CF. 
 
6.4.  Conclusions 
In summary, we have fabricated the binder-free electrode by structuring polypyrrole assisted Co3O4 
anchored carbon fiber via a simple infiltration technique. Because the conventional preparation of 
catalyst electrode mostly involves the polymer-binders to ensure good physical contacts between 
catalysts and scaffolds, loss of the electrochemically active surface area is inevitable from their 
hydrophobic and insulating natures. Interestingly, a simple infiltration of the transition metal 
precursors on carbon felt followed by a sintering process lead to a strong anchoring of Co oxide on 
carbon fiber tissues without aiding of polymer binders. Owing to the unique surface structuring, 
the fabricated binder-free electrode exhibited the excellent bifunctional electrochemical stability 
with a comparable performance to binder included Pt/C+IrO2 electrode for seawater battery.  
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Supporting Information 
The supporting information can be provided on website.  
S Kim et al., Polypyrrole-assisted Co3O4 anchored carbon fiber as a binder-free electrode for 
seawater batteries, ChemElectroChem, Wiley. DOI: 10.1002/celc.201801219 
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Chapter 7.  Energy Reuse: Self-Transforming Configuration 
Based on Atmospheric-Adaptive Materials for Solid Oxide Cells 
 
 
This Chapter has been published. 
Reproduced with permission from S. Kim et al., Self-Transforming Configuration Based on 
Atmospheric-Adaptive Materials for Solid Oxide Cells, Scientific Reports, 8, 17149 (2018). 
Springer Nature. DOI: 10.1038/s41598-018-35659-y 
 
 
7.1.  Introduction 
Among the renewable energy conversion systems, hydrogen energy systems have received 
tremendous attention because hydrogen is a versatile, clean, efficient fuel, and the most abundant 
element in the universe.[1] Solid oxide fuel cells (SOFCs) are one of the hydrogen energy systems 
offering exceptionally high conversion efficiency, low pollution emission and excellent fuel 
flexibility.[2-4] Furthermore, SOFCs can be used as solid oxide electrolysis cells (SOECs) by adding 
H2O under reverse operation, represented as solid oxide cells (SOCs).[5-8]  
Conventional SOCs consist of a dense electrolyte and dissimilar materials for the anode and 
cathode, creating the so-called ‘asymmetrical configuration’. Asymmetrical configurations are 
advantageous for performance because they use designated electrodes for cathode and anode, 
respectively. The use of dissimilar electrode materials, however, gives rise to problems such as 
complex fabrication processes and corresponding expensive fabrication cost, and poor thermo-
mechanical compatibility due to the different thermal expansion coefficients.[3,9,10] Furthermore, 
asymmetrical configurations require additional materials for the buffer layer in order to reduce 
thermal problems. Asymmetrical configurations have thus been difficult to commercialize despite 
their remarkable electrochemical performance. 
Another configuration called ‘symmetrical configuration’ has been suggested by applying the 
identical materials to both electrodes (i.e. cathode and anode). By employing identical interfaces 
between electrode-electrolyte, the symmetrical configuration diminishes the compatibility problem 
of the asymmetrical configuration. Also, the symmetrical configuration is advantageous for 
practical applications due to its simple fabrication process and cost reduction obtained by 
conducting only one thermal step for the electrodes fabrication. Even with these benefits, the cell 
with symmetrical configuration has yet to achieve electrochemical performance comparable with 
asymmetrical configuration because it is difficult to find materials having the necessary structural 
and chemical stability and high catalytic activity in both oxidizing and reducing conditions.[11-15]  
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Like this, the SOC has a configuration dilemma; specifically, there is a trade-off relationship 
between the optimizing catalytic activity and the practical applicability. Thus, we introduce the 
‘transforming cell’ based on the atmospheric-adaptive materials to take full advantage of both 
asymmetrical and symmetrical configuration. The atmospheric-adaptive materials refer to the 
material which changes the structural properties (e.g. phase and composition) by themselves to 
have the high catalytic activity depending on the atmosphere. Thus, the transforming cell can be 
fabricated with symmetrical configuration and can be operated with the asymmetric configuration, 
as illustrated in Figure 7-1, providing excellent electrochemical performance and few thermal 




Figure 7-1  Schematic illustration presenting the concept of transforming cell. 
 
As a candidate for the electrode material, Pr0.5Ba0.5MnO3- (PBMO) was considered due to its 
excellent chemical and structural stability and the mixed valence Mn4+/Mn3+/ Mn2+ which can 
accept electrons to promote the reaction.[10,16] Also, the catalytic activities can be tailored by A- and 
B- site doping because the perovskite oxide can choose its elements flexibly. Recently, Kwon et al. 
reported the exsolution phenomenon in PBMO systems, with the substitution of transition metal 
for Mn. Based on previous studies, among the transition metals, cobalt is the most versatile as a 
dopant to both air electrodes and fuel electrodes with doping and exsolution. Generally, cobalt 
doping on air electrode material improves the electrical conductivity by increasing the oxygen 
vacancy concentration.[17,18] For the fuel electrode, the exsolved cobalt plays the role of a catalyst, 
enhancing the electrochemical performance.[19-21] In summary, Pr0.5Ba0.5Mn0.85Co0.15O3- (PBMCo) 
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has simple perovskite structure with mixed cubic and hexagonal layers.[19,22-26] Exposed to the 
hydrogen, the structure is changed to the cation-ordered perovskite with Co exsolution.  
Thus, Pr0.5Ba0.5Mn0.85Co0.15O3- (PBMCo) was chosen as the atmospheric-adaptive material  to 
obtain the cobalt doping effect on air electrodes and the cobalt exsolution effect on fuel electrodes. 
To increase the surface area and corresponding electrochemical performance of the electrodes, the 
infiltration technique was applied as a fabrication method. As expected, with the derived electrode 
materials, the transforming cell shows competitive electrochemical performance and promising 
stability compared to other symmetrical cells reported in the literature. 
 
 
7.2.  Experimental 
7.2.1.  Preparation of the transforming cell.  
For the infiltration process, the preparation is just  scaffold and precursor solution. The triple-
layer cell (porous | dense | porous) was prepared via dual-tape casting as scaffold composed of ionic 
conductor. First, La0.9Sr0.1Ga0.8Mg0.2O3- (LSGM) powder was prepared by solid-state reaction. For 
the slurry of dual-tape casting, the LSGM powder was added into ethanol with brown menhaden 
fish oil (Tape casting warehouse), xylene (Aldrich, 98.5+ %), polyalkylene glycol (Tape casting 
warehouse), butyl benzyl phthalate (Tape casting warehouse), and polyvinyl butyral (Tape casting 
warehouse). A green tape containing 50 wt.% LSGM and 50 wt.% graphite (for the porous layer) 
was cast on the top of the 100 wt.% LSGM tape. Sequentially, the punched tape for porous layer 
was laminated with the punched co-cast tape. Then triple-layer tapes were fired at 1475 oC for 5 h. 
The precursor solution was prepared by dissolving the quantitative amount of Pr(NO3)3·6H2O 
(Aldrich, 99.9%), Ba(NO3)2 (Aldrich, 99 +%), Mn(NO3)2 (Aldrich, 98%), Co(NO3)2·6H2O 
(Aldrich, 98 +%) and citric acid into distilled water. To make a high concentration solution, the 
ammonia is added to the precursor solution after heat treatment reducing the amount of solvent. 
The high concentration solution was infiltrated into the porous side of the triple-layer cell and 
calcined at 450 oC for 20 min. This was repeated up to 45 wt.% loading amounts.  
 
7.2.2.  Measurements.  
For the structural identification, X-ray diffraction (XRD) (Bruker D8 Advance) were conducted in 
a 2 range from 20o to 60o. The microstructure was observed using scanning electron microscopy 
(SEM) (Nova SEM) and transmission electron microscopy (TEM) (JEOL, JEM-2100F). X-ray 
photoelectron spectroscopy (XPS) spectra were taken using ESCALAB 2 50XI from Thermo 
Fisher Scientific with a monochromated Al-Kα (ultraviolet He1, He2) X-ray source. To measure 
the electrochemical performance, the standard four-probe technique was employed with a BioLogic 
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Potentiostat. The sample was prepared by attaching silver wires to both electrodes of the electrolyte 
supported cell as current collectors with silver paste. Then the cell was sealed onto a 10 mm 
diameter alumina tube with ceramic adhesive (Aremco, Ceramabond 552). For the electrochemical 
performance test on the fuel cell mode, the humidified hydrogen (3 vol.% H2O) and air were fed to 
the fuel electrode side and the air electrode side, respectively. On the electrolysis cell mode, the 
hydrogen containing 10 vol. % H2O was applied to the fuel electrode side. At the same time, area 
specific resistance (ASR) was measured by AC impedance spectroscopy at open circuit voltage 
(OCV) in the 10-1 − 104 Hz frequency range and was calculated with an active electrode area of 
0.36 cm2. 
 
7.2.3.  Data availability 
The data that support the findings of this study are available from the corresponding authors upon 
reasonable request. 
 
7.3.  Results and Discussions 
The operating conditions of the transforming cell were determined by conducting in-situ X-ray 
diffraction (XRD) under hydrogen with the pre-sintered Pr0.5Ba0.5Mn0.85Co0.15O3- (PBMCo)-
LSGM electrode. As shown in Figure 7-2, PBMCo has simple perovskite mixed cubic and 
hexagonal layers at temperatures under 600 °C. A layered perovskite structure was successfully 
with the disappearance of the hexagonal peaks in the temperature range from 700 oC to 800 °C. 
The metal peak was observed at around 2 = 45° at 800 °C, indicating the exsolved cobalt. Taking 
these observations into consideration, the fuel electrode was reduced at 800 °C for subsequent 
measurements.  
Figure 7-3a illustrates the phase transition and metal exsolution of atmospheric-adapted material 
PBMCo. During fabrication, the air and fuel electrodes sintered in air show simple perovskite 
structure, implying cobalt-doped PBMO (Pr0.5Ba0.5Mn0.85Co0.15O3-, PBMCo). In operation, the fuel 
electrode was exposed to an H2 atmosphere and thus, specialized by phase transition and cobalt 
metal exsolution (PrBaMn1.7Co0.3-xO5++xCo, S-PBMCo), while the air electrode retained the 
simple perovskite structure. To confirm the phase transition and the cobalt exsolution, X-ray 
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) were conducted. In Figure 7-3b 
and 3c, XRD patterns identify the phases of the as-sintered samples before and after reduction in 
H2 at 800 °C, representing PBMCo-LSGM and S-PBMCo-LSGM, respectively. Before the 
reduction, the XRD patterns can be well-indexed to the crystal planes of simple perovskite and 
LSGM without any undesired reaction. After reduction, the patterns involve the phases of cation-
ordered perovskite and LSGM, combined with peaks of cobalt metal caused by the exsolution 
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phenomenon. These results are in good agreement with the expectation that the cobalt is doped in 




Figure 7-2  X-ray diffraction (XRD) patterns obtained through in-situ annealing of a pre-
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Figure 7-3  (a) Schematic illustrations of the transforming cell in fabrication and in operation 
with phase transition of PBMCo. XRD patterns of (b) PBMCo-LSGM (sintered in air) and (c) 
S-PBMCo-LSGM (reduced in hydrogen) in range of 20o < 2< 60o. Co 2p electron region of X-
ray photoelectron spectroscopy (XPS) profiles of (d) PBMCo-LSGM and (e) S-PBMCo-LSGM. 
Scanning electron microscopy (SEM) images of (f) bare LSGM, (g) PBMCo-LSGM, and (h) S-
PBMCo-LSGM electrodes. 
 
In Figure 7-3d and 3e, the surface electronic states of cobalt were analyzed with XPS profiles of 
Co2p for PBMCo-LSGM and S-PBMCo-LSGM. The binding energy (BE) was calibrated with the 
C1s peak at 284.5 eV. Considering the overlap between the peaks of the Ba 3d and Co 2p, the Ba 
3d peaks of Pr0.5Ba0.5MnO3 and PrBaMn2O5 were analyzed to observe the change of Ba 3d during 
reduction and the corresponding phase transition. The XPS results for Pr0.5Ba0.5MnO3 and 
PrBaMn2O5 are presented in Fig. S1, implying that the Ba 3d peaks are independent of the phase 
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transition. In this regard, changes in the XPS peak at a BE range of 770–810 eV demonstrate a 
change in the Co 2p peak during the phase transition of PBMCo and S-PBMCo. Based on the fitted 
results, the Co3+/Co2+ increases from 0.56 for PBMCo to 1.43 for S-PBMCo can be attributed to 
lattice defects and corresponding cobalt oxidation (Co2+→Co3+). Additionally, the cobalt oxidation 
was also supported by the magnesium reduction (Mn3+/4+→Mn2+) as confirmed by the XPS results 
of the Mn 2p3/2 peaks for PBMCo and S-PBMCo in Fig. S2. The appearance of cobalt metal peaks 
in S-PBMCo demonstrates that the cobalt exsolution occurs under an operating condition (H2, 
800°C). A cross-sectional view of the tri-layer cell (PBMCo-LSGM/LSGM/S-PBMCo-LSGM) is 
shown in Fig. S3. The dense LSGM electrolyte was about 60 m thick and appeared to be in good 
connection with the electrode layer. The scanning electron microscopy (SEM) images of the 
electrodes (Figure 7-3f - 3h) show that the nano-sized particles are formed and uniformly 
distributed on the LSGM, retaining its morphology even after reduction. These microstructural 
properties of the cell with the nanostructured electrodes and the thin electrolyte layer are expected 
that the self-transforming cells will show high electrochemical performance.  
For the electrochemical analysis, the impedance spectra (Fig. S4) of the transforming cells were 
measured at 700, 750 and 800 oC. The ohmic loss of the cell was measured by the high-frequency 
intercept with the real axis to be 0.147, 0.187, and 0.244  cm2 at 800, 750, 700 °C, respectively. 
The polarization resistance originated from the electrodes was determined by the difference 
between the two intercepts on the real axis to be 0.139, 0.273, and 0.530  cm2 at 800, 750, 700 °C, 
respectively. To estimate the cathodic loss, we conducted the half-cell test using the PBMCo-
LSGM/LSGM/PBMCo-LSGM cell. Fig. S5a shows the Nyquist plots of PBMCo-LSGM at 
operating temperatures of 700, 750, and 800 °C, respectively, with the fitted line by the software 
EC-Lab. The ohmic resistance was eliminated to direct comparison of cathodic polarization 
resistance at the various operating temperature. The cathodic Rp values of the PBMCo-LSGM were 
0.033, 0.073, and 0.189  cm2 at 800, 750, and 700 °C, respectively. The fitted lines were in good 
agreement with the Nyquist plots on the basis of the equivalent circuit in the inset of Fig. S5b. In 
the equivalent circuit, L is an inductance caused by the cables; R1 is ohmic resistance; R2 is 
associated with the charge transfer during the migration and diffusion of oxygen ion from the 
reaction site into electrolyte lattice; R3 is induced by the non-charge transfer related to oxygen 
surface exchange, solid-state diffusion, and gas-phase diffusion. The specific values of R2, R3 and 
Rp (R2+R3) are also summarized in Table S1. 
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Figure 7-4  (a) Voltage-current density and corresponding power density curves of the 
transforming cell at 800, 750, 700 °C using humidified H2 (3 % H2O). (b) Voltage-current 
density curves of the transforming cell at 800 oC under electrolysis mode with 3% and 10% 
H2O containing H2 safe gas. (c) Long-term stability of the transforming cell at 700 °C with 
current density of -0.2 A cm-2. (d) The reversible cycling result performed at −0.2 A cm−2 
(electrolysis mode) and at 0.2 A cm-2 (fuel cell mode). 
 
Figure 7-4a shows the power density and voltage as functions of current density for the 
transforming cell with humidified H2 as fuel and air as the oxidant. As expected from low 
polarization resistance, the transforming cell presents remarkably high maximum power density of 
1.10 W cm-2 at 800 oC without any additional catalyst in comparison with the experimental values 
of the symmetrical cell (Table S3).[3,10,31,11,12,14,16,27–30] Consequently, the use of the atmospheric-
adaptive electrode (PBMCo) provides excellent catalytic activity for each atmosphere by tailoring 
the structure itself. Such excellent performance should be attributed from the novel structure of 
infiltration and the thin electrolyte. Moreover, the transforming cell shows potential as an 
electrolysis cell, as shown in Figure 7-4b. The electrochemical performance was recorded by 
scanning current density at the voltage range from 0 to 1.5 V with 3 % H2O and 10 % H2O (H2 safe 
gas included), respectively. Even the small amount of H2O was applied, the transforming cell shows 
the reasonable electrochemical performance of -0.42 A cm-2 for 3 vol.% H2O and -0.62 A cm-2 for 
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10 vol.% H2O, respectively, at a cell voltage of 1.3V at 800 oC. To evaluate the reversibility of 
operation as SOCs, the cycling between electrolysis mode at -0.2 A cm-2 and fuel cell mode at +0.2 
A cm-2 was performed at 700 oC for 3 and 10 vol. % H2O, respectively. At both H2O amount, the 
cell shows a stable performance in electrolysis and fuel cell modes without detectable degradation 
(Figure 7-4c). The cell under 10 vol. % H2O maintained the constant voltages in both electrolysis 
and fuel cell modes for 30 h (Figure 7-4d). After reversible cycling for 6 h, the cell under 3 vol. % 
H2O was operated under SOFC modes with 3 vol. % H2O without any critical degradation during 
~100 h (Figure 7-4e).  
 
 
7.4.  Conclusions 
To take full advantage of both asymmetrical and symmetrical configurations, the transforming cell 
was designed by applying the atmospheric-adaptive material Pr0.5Ba0.5Mn0.85Co0.15O3- (PBMCo) 
to the electrodes. The PBMCo at anode was specialized into PrBaMn1.7Co0.3-xO5+ + xCo (S-
PBMCo) by phase transition and metal exsolution as confirmed by XRD and XPS. The 
transforming cell was operated in the SOFC and SOEC modes. In SOFC modes, the transforming 
cell shows high maximum power density of 1.10 W cm−2 at 800 °C without any additional catalyst 
and highly stable performance during 100 h. In SOEC mode, the transforming cell shows 
reasonable electrochemical performance of −0.62 A cm-2 for 10 vol.% at a cell voltage of 1.3V at 
800 °C. For reversible cycling test, the transforming cell maintains the constant voltages for 30 h 
at +/- 0.2 A cm-2 under 10 vol. % H2O. These results indicate that the transforming cell is a 
promising system for solid oxide cells as both fuel cells and electrolysis cells. 
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The supporting information will be provided on website.  
Reproduced with permission from S. Kim et al., Self-Transforming Configuration Based on 
Atmospheric-Adaptive Materials for Solid Oxide Cells, Scientific Reports, 8, 17149 (2018). 
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